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The cost of space heating is dependent on electricity prices because of its significant utilization 
of electricity. There was a 60% increase in the unit electricity price between 2005 and 2019 
which is sure to further increase in the future. 
 
Thermochemical heat storage systems (THHS) can store heat in summer and provide space 
heating for households in winter, without major heat storage loss. THSS have the potential to 
control both temperature and humidity of residential houses, helping to tackle dampness in the 
house and reduce electricity consumption.  
 
This project focuses on a novel, thermochemical storage system with a multi-cyclic operation 
capability. To investigate the potential of the THSS, environment-friendly, non-toxic and 
harmless materials were selected. In order to solve the problem of a large pressure drop of 
moist air passing through fixed bed reactors, stainless steel tubes of 8 mm in diameter and 50 
mm in length were filled with strontium bromide and installed with in-line and staggered 
layouts in the reactors. Hydration and dehydration cycles were carried out to test the operation 
of these tube-type reactors, under different operating temperatures. Additionally, to maximize 
the volumetric storage capacity, a spiral reactor design was also utilized. 
 
In order to enhance the heat storage capacity and reaction kinetics of strontium bromide and 
magnesium sulphate, composite pellets were prepared with supporting materials such as 
activated carbon, expanded natural graphite, molecular sieves, celite, etc. All samples were 
thermally characterized using thermogravimetric (TGA) and differential scanning calorimetry 
(DSC) techniques throughout the cyclic tests. The most promising pellet was utilized in a 
laboratory–scale fixed bed reactor to investigate the potential of the composite. This research 
is expected to make a valuable contribution to a better understanding of thermochemical heat 
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1 General Introduction 
 
Global energy use is constantly increasing during the last decades [1]. Due to the 
climatic change and the rise in the use of air conditioning systems, there is a sharp 
increase in the energy demand for space heating and cooling [2]. As an example, 
space heating accounts for 34% of the total New Zealand (NZ) household energy 
consumption and on average, 3820 kWh energy is spent on domestic space heating 
annually [3]. Given that space heating alone corresponds to 15% of the total 
electricity usage [4], heating NZ houses are going to be more expensive with 
increasing electricity costs. Residential electricity prices in NZ increased by 154% 
between 2006 and 2019 [5]. The same trend is evident in Europe as well, where 
over 60% of the utilized domestic energy is for heating purposes [6]. Solar energy 
can be utilized to cover the energy needs for space heating, as many studies have 
showcased in recent years [7, 8, 9]. However, a limiting factor to its further use is 
the difficulty in storing solar energy, which is more available in summer/day times 
but is needed more in winter/night times. There are three main thermal heat storage 




Figure 1.1. Thermal heat storage systems [10, 11]. 
 
Sensible heat storage systems have a more mature market compared to latent heat 
storage systems and thermochemical heat storage systems (THSS). In sensible heat 
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storage systems, heat can be stored or released using the heat capacity of liquid or 
solid materials such as water or rock beds. In latent heat storage systems, phase 
change materials (PCMs) change their state of matter (solid, liquid, or gas) 
according to the temperature. Commonly, the transition is between solid and liquid 
phases of materials such as paraffin, fatty acids, and metals. Solid-solid phase 
changes in materials such as docosane or bee wax have also been investigated [12, 
13]. In the literature, research is mainly focused on solid-liquid and solid-solid 
latent heat storage systems, as phase changes generating gases are accompanied by 
a great volume increase. This volume increase results in containment-related 
problems due to the expansion of the reactor, thus requiring a complex and 
expensive operation system [14, 15]. However, most solid-liquid and solid-solid 
phase change systems suffer from having low energy storage densities and thus 
making a need for a very large reactor for domestic heat storage, increasing the cost 
and reducing the appeal of the system [14, 16]. Thermochemical energy storage 
systems offer an efficient way to solve this problem by utilizing a chemical change 
to store and release heat.  THSS have a much higher energy storage capacity (0.5  ̶  
3 GJ⋅m-3) as compared to sensible heat (0.2 GJ⋅m-3) and latent heat storage systems 
(0.3  ̶  0.5 GJ⋅m-3)  [17, 18]. THSS can be used in a smart grid system to manage 
peak power demands as well [19]. Demand-side management can be aided with the 
implementation of thermal storage systems by reducing the required number of 
alternative heat sources used in houses [20]. However, THSS are still in the 
research and development phase due to the complexity of the reaction processes 
[21, 22]. The advantages and disadvantages of the different types of thermal energy 














Table 1.1. Comparison of different types of thermal energy storage. 
 Sensible Heat Storage 
[23, 24] 
Latent Heat 
Storage [24, 25] 
Chemical heat 
storage [26, 27] 
Advantages   Non-Hazardous and low-
cost material  
 Reliable 
 Simple application with 
available materials 
 Easy to control 
 Moderate storage 
density 
 Small volume 
 Possibility of 
short-distance 
transportation 




 High storage density 
 Low heat losses 
 Possibility of 
long-distance 
transportation 
 Long storage 
period 
Disadvantages  Significant heat loss 
over time (depending 
on the level of 
insulation) 
 Large volume needed 
 Low energy density 
 Low heat 
conductivity 
 Corrosivity of 
materials 
 Significant heat 
losses 
 Lack of thermal 
stability 
 High capital costs 
 Technically complex 
 Cyclability problems 
 Materials instability 
 
Apart from having high heat energy storage density, some thermochemical heat 
storage systems have an added advantage of providing control over indoor humidity 
levels [28]. This is especially important for households living in humid 
environments such as Latin America, South East Asia, and Oceania [29]. According 
to the World Health Organization (WHO), living in a very humid environment is 
not healthy, as it may cause respiratory health problems such as allergic rhinitis and 
asthma. Children, senior citizens, and people with existing skin problems are 
considered more vulnerable to diseases related to damp environments [30]. 
 
1.1 Sensible Heat Storage Materials 
 
Sensible heat storage (SHS) is the most direct way of heat storage. SHS operates 
based on raising the temperature of the material in a liquid or solid state to store 
heat and then, the stored heat is released with the decrease of the material’s 
temperature [31]. SHS generally requires a high volume of heat storage materials 
with high heat capacity, boiling, or melting point [25, 32, 33]. Figure 1.2 presents 
the SHS regions in the phase change diagram of water as it is being one of the most 
utilized SHS materials [34]. 
 





Figure 1.2. Variation in the water temperature from solid to gas phase [35].  
 
Water can be utilized as a SHS medium in solid, liquid, and gas regions presented 
in Figure 1.2. However, phase change regions between points A-B and C-D are 
only considered for latent heat storage.  
 
Apart from water, other types of liquid media like oil-based fluids, molten salts, etc. 
can be used for SHS, similarly, solid materials like rocks and metals can also be 
utilized [34]. Thermophysical properties of liquid and solid materials used in SHS 


















Table 1.2. Materials utilized for SHS systems. 










Water [36] 0-100 1000 4.19 0.85 
Ethanol [36] Up to 78 790 2.4 0.171 
Propanol [36] Up to 97 800 2.5 0.161 
Butanol [36] Up to 118 809 2.4 0.167 
Isopropanol [36] Up to 148 831 2.2 0.141 
Sand [37] 20 1555 0.8 - 
Rock [37] 20 2560 0.879 - 
Brick [37] 20 1660 0.84 - 
Concrete [37] 20 2240 0.88 - 
Granite [37] 20 2640 0.82 - 
Sand-rock minerals 
[38] 
200-300 1700 1.3 1 
Reinforced concrete 
[38] 
200-400 2200 0.85 1.5 
Cast iron [38] 200-400 7200 0.56 37 
Cast steel [38] 200-700 7800 0.6 40 
NaCl [38] 200-500 2160 0.85 7 
Silica fire bricks [38] 200-700 1820 1 1.5 
Magnesia fire bricks 
[38] 
200–1200 3000  1.15  5.0  
 
Several studies were made to characterize the materials to highlight their potential 
in SHS [39, 40, 41]. However, water remains to be the most common material used 
in SHS systems due to its low cost, high heat storage capacity, and low density and 
environmental impact [13, 39]. Because of the large volume requirements and lack 
of ability to deliver heat at constant temperatures, SHS systems are used together 
with latent heat storage systems rather than being a stand-alone system for long-
term heat storage [42, 43]. 
 




1.2 Phase Change Materials 
 
Phase change materials (PCMs) are able to store large amounts of thermal energy. 
In most cases, PCMs operate using a solid to the liquid phase transition. During the 
phase transition, the material’s latent heat increases greatly, allowing the system to 
store thermal energy for a certain amount of time. In other words, energy stored 
during the melting process can be utilized during the freezing transition [44]. Phase 
change materials will maintain their melting temperature throughout the phase 
transition period which lasts from seconds to several hours depending on the 
material [14]. 
 
Useful phase changes can also occur between gas and liquid, and solid to solid 
states. PCMs can be divided into two major groups - organic and inorganic. Widely 
tested organic phase-changing materials include paraffin and fatty acids. Many 
organic PCMs are not corrosive and are thermally and chemically stable, but they 
also have lower phase change enthalpy, high flammability, and low thermal 
conductivity. On the other hand, inorganic PCMs have greater phase change 
enthalpy compared to organic PCMs. However, inorganic PCMs are generally 
acknowledged to be corrosive and can be thermally unstable [35, 45, 46].   
 
Several studies were made to investigate the long-term stability of PCMs [14, 47, 
48]. Sharma et al. [49] investigated stearic acids and paraffin by characterizing the 
melting temperature, latent heat change, and specific heat of these PCMs. Sharma et 
al. [49] did not observe any degradation in the materials even after melting and 
freezing them 3000 and 1500 times respectively. Hawlader et al. [50] conducted 
long-term stability research for encapsulated paraffin and after 1000 thermal cycles 
they found that there was not any change in the energy storage capacity, and the 
geometrical shape of the encapsulated paraffin was intact. 
 
Sarı et al. [48] researched stearic, palmitic, myristic, and lauric acids, and they 
found that all fatty acids have mid-term thermal stability while palmitic acid and 
myristic acid also showed good thermal stability in a long-term usage thus 
considered more suitable than the other fatty acids. Although fatty acids can be 




somewhat corrosive to some metals, a study shows that stainless steel and 
aluminum alloys could be safely utilized to contain them [51]. Karaipekli et al. [52]  
researched the long term reliability of the capric/lauric acid and capric/myristic acid 
mixtures for thermal energy storage. They have found that these PCMs were quite 
suitable for long-term heat storage since they showed just a small alteration in phase 
change temperature and heat capacity after many cycles [52].  
 
For domestic heating needs, the PCM’s operation temperature should be over 29 ˚C 
as domestic heat storage systems requires at least 30 ˚C heat source [53]. Figure 1.3 
illustrates the phase change materials utilized in heating applications, with a melting 
temperature of over 29 ˚C. 
 
 
Figure 1.3. PCMs materials utilized in heating applications (between 29 ˚C - 60 ˚C) 
[53, 54]. 
 
PCMs generally have low thermal conductivity, thus low heat output rates and high 
cost [44, 55]. However, research is currently ongoing to enhance the thermal 
conductivity of these PCMs [56, 57, 58]. Previous studies suggested that the 
hydration reaction rate is linked to the thermal conductivity of the thermochemical 
heat storage reactor bed and therefore low thermal conductivity is considered a 




drawback for the thermal exchange applications, limiting the heat transfer rates [44, 
59, 60, p. 111]. The lower energy storage density of the PCMs, compared to 
thermochemical systems, is another disadvantage of this technology [13].  
 
1.3 Liquid Organic Hydrides 
 
Liquid organic hydrides (LOH) are a novel and promising source of renewable 
chemical heat energy storage, LOH such as cyclohexane, methylcyclohexane 
(MCH), and decalin use hydrogenation and dehydrogenation reactions to release 
and store heat respectively [61].  
 
Hydrogen is dissipated from the LOH after an endothermic dehydrogenation 
reaction and an unsaturated aromatic is generated as a product. To regenerate the 
stored energy, the aromatic compound is then hydrogenated, regenerating the 
original LOH. Liquid organic hydrides can store hydrogen up to 8% of their weight 
and thanks to this relatively high storage capacity and their liquid form, they are 
considered as a suitable candidate for mobile heat storage applications [61]. The 
dehydrogenation reaction requires a high amount of activation energy (up to 204.8 
kJ⋅mol-1), and N-ethylcarbazole is regarded as a better option over say MCH due to 
its lower activation energy of 99.5 kJ⋅mol-1 [61, 62, 63] which allows for lower 
operating temperatures. 
 
The liquid organic hydrate’s storage cycle is illustrated in Figure 1.4, although there 
is some energy loss during the hydrogenation and dehydrogenation cycles, LOH 
still performs better in seasonal storage systems compared to molten salt systems 
that utilize latent heat storage techniques [61]. 
   





Figure 1.4. Heat storage cycle of a LOH system utilizing MCH [61]. 
 
Newer liquid organic hydrogen carrier systems can even show higher energy 
densities (6.2 wt% vs 5.2 wt% hydrogen) compared to the most established LOH, 
dodecahydro-N-ethylcarbazole (H12-NEC). This new class of LOH are a 
benzyltoluene mixture named MLH/H12, and a dibenzyltoluene mixture called 
MS/H18 [47]. Compared to H12-NEC, H12-MLH/MLH and H18-MS/MS are 
closer to diesel in terms of viscosity, flammability, surface tensions, and boiling 
points. They are also less toxic than NEC. 
 
Figure 1.5 presents the important physical properties of MS and MLH systems 









Figure 1.5. Relevant properties of benzyl vs carbazyl-based LOHs [47]. 
 
Table 1.3. H2-release rates of benzyl vs carbazyl-based LOH [47]. 











1 H12-NEC[a]  
Pd/Al2O3 
(0.5wt%)  
230 396 6.2 95 
2 H18-MS[b]  
Pt/C (1 
wt%) 
290 225 6 89 
3 H18-MS[b]  
Pt/C (1 
wt%) 
310 373 6.6 97 
[a] Theoretical volume of H2 release=6.5 NL. [b] Theoretical volume of H2 
release=6.7 NL. Reaction conditions: 10.7 mL LOHC, 0.1 mol % catalyst. 
 
It is observable from Table 1.3 that H18-MS requires higher dehydrogenation 
temperatures compared to H12-NEC. However, due to its better thermal stability, 
energy density, and heat transfer properties, MS is considered as one of the most 
feasible options for long term storage in LOH systems [47]. 
 
1.4 Thermochemical Heat Storage Concepts 
 
Thermochemical heat storage systems (THSS) can store heat during summer/day-
times and provide space heating for households in the winter/night, without any 




major energy loss between charging and discharging. THSS have the potential to 
control both temperature and humidity of residential houses, helping to tackle any 
dampness problems [64]. The most common type of THSS utilizes the reversible 
chemical process of hydration and dehydration of salt, as expressed by the 
following equation [65], 
 
X ⋅ (a)H2O + (b)H2O ⇌   X ⋅ (a + b)H2O + ΔH (1.1) 
 
Where X represents the salt and ΔH represents the reaction enthalpy. During the 
dehydration process (energy charging process, right-hand side in eq 1.1),  
the chemical reaction is endothermic and ΔH>0. During the hydration process 
(energy discharging process, left-hand side in eq 1.1), the chemical reaction is 
exothermic and ΔH<0. Figure 1.6 shows a system operating under atmospheric 
pressure. In this way, thermal energy can be stored without any major loss for a 
long period of time. 
 
 
Figure 1.6. THSS open system dehydration (charging on the left) and dehydration 
(discharging, on the right) operations. 
During the charging operation, collected heat from the solar collectors can be 
delivered to the reactor and hydrated salt absorbs heat to dehydrate. As a result, 
colder, and more humid air (compared to inlet airflow) leaves the reactor. During 




the discharging cycle, cold and humid air flows into the reactor and the stored heat 
is released following an exothermic reaction in the reactor. As the hydration process 
removes moisture from the air as well as heating it, this dried warm air can be 
directly circulated in the home. 
 
1.4.1 Rector Bed Types 
 
Thermochemical heat storage materials can be utilized in various different reactor 
designs as presented in Table 1.4. 
 
Table 1.4. Comparison between the various reactors that can be used for 
thermochemical heat storage applications [66, 67, 68, 69].  
Reactor Advantages Disadvantages 




-Heat and mass transfers are low 
-The high-pressure drop 
between the inlet and the outlet. 
Moving Bed -Allows a direct heat transfer 
between solids and the gas 




-High maintaining costs due to 
the moving parts 
Fluidized Bed -Minimizes the risk of thermal 
instability 
-High heat transfer coefficients 
-Complex hydrodynamics. 
-Difficult to model 
-Internal materials can easily 
erode 
-High cost 
-A continuous flow of working 
fluid requires constant additional 
power  
 
There are three different types of reactors; fixed bed, moving bed, and fluidized bed 
reactor [66]. A fixed bed reactor operates by the reactants passing through the 
stationary bed where the solid particles are arranged in a vessel. Although fixed bed 




reactor systems are simpler and cheaper, they also come with trade-offs such as 
high-pressure drop, and low heat and mass transfer rates [66, 67]. However, it is 
possible to greatly increase heat transfer rates by stirring the reactor media [70]. In 
that case, a fixed bed reactor will be converted to a moving bed type. A fluidized 
bed reactor can be used when very high heat and mass transfer rates are the priority 
[71]. Fluidized bed reactors are much more complex systems, but are still 
extensively used and researched [72]. In a fluidized bed, fluid or gas passing 
through the bottom of the reactor with increasing velocity will cause a pressure 
difference due to the frictional and drag forces exerted on the particles in the 
reactor. The bed becomes fluidized when the drag force exceeds the apparent 
weight of the reactor components, and the particles in the bed will start moving and 
acting like a fluid [73]. A fluidized bed reactor is generally acknowledged to be the 
best option for fast hydration and dehydration (h/d) processes [74, 75, 76, 77]. 
However for household applications, the reaction rate is not very important as the 
reaction occurs over weeks and months time, and that is not a significant amount of 
time for seasonal heat storage. Thus, the simplicity and cost of the system are more 
important. 
 
1.4.2 System Types 
 
Reactors can also be categorized based on their heat-transfer mechanism to the 








Figure 1.7. Different type of systems that can be used for thermochemical heat 
storage systems based on heat-transference [67]. 
 








chamber to the reactants by the heat flux generated at the external walls of the 
reaction chamber [78]. A solar chemical heat pipe model is a good example of 
indirect energy storage operation, where the catalyst is packed inside of the tube and 
heated by the solar heat flux [79]. If the reactants are directly heated by the flow of 
heat then the system is called a direct system [78]. A direct system can operate 
under an open or a closed mechanism. The major difference between an open or 
closed system is the transfer of working fluid inside the reaction chamber. In a 
closed system, the heat storage materials are not exposed to open air (atmospheric 
pressure) and the working fluid circulates inside of the reaction chamber in a 
hermetically closed loop at the desired operating pressure [66]. The closed systems 
require auxiliary components such as a condenser and evaporator to provide a 
conditioned working fluid, i.e. air steam [80]. Open systems operate at atmospheric 
pressure and the working fluid is driven through the heat storage materials [81]. A 
























Table 1.5. Comparison between the open and closed systems. 
 Open System Closed System 
Schematic 
Diagram 






[11, 80, 83] 
•Atmospheric pressure operation. 
•Simple system design with few 
components. 
•Good heat and mass transfer rates. 
•Higher discharging temperature than 
for an open system at similar vapor 
pressure. 
•No mass exchange with the 
environment. 
•Small and compact design. 
Drawbacks 
[11, 80, 83] 
•Fan and humidifier are needed to 
drive the working fluid flow and 
provide humidification, thus 
requiring additional energy. 
•Safety requirements for the 
chemicals exposed to open air. 
•High pressure drops between the 
inlet and outlet. 
•Complex system. 
•Condenser and evaporator are 
required. 
•Working fluid needs to be stored. 
•A large heat transfer area is required 
in the reactor. 
 
At the discharging operation in an open system, cold and wet ambient air leaves the 
reactor after being heated and dehumidified, making the open system suitable for 
space heating. An open system configuration has the advantages of a low capital 
cost and good heat and mass transfer compared to closed systems [83, 60]. 
Charging 
Discharging 




1.5 Evolution of the Thermal Heat Storage Systems 
 
Until recently, only a few studies have investigated the potential of salt composites 
for storing thermal energy. None of the attempts made towards commercializing the 
domestic thermochemical heat storage system were successful, and this is mainly 
due to the lack of a cost-effective utilization of the storage materials [84]. 
According to Mauran et al. [85], the main limitations of the THSS are the slow rates 
of conductive heat transfer along with the slow moisture absorption rate. The 
limited capability for improving the kinetics of water vapor sorption remains a key 
issue in using hydrophilic porous materials in thermochemical heat storage systems 
[86].  
 
Various salt hydrates were investigated as low-temperature thermochemical energy 
storage media by several researchers. N’Tsoukpoe et al. [28] did a multistep 
screening of over 100 salt hydrates for low-temperature thermochemical heat 
storage. This was ranged from health and safety assessments such as toxicity and 
risk of explosion of the chemical materials to the net energy storage density 
calculations and experimental measurements such as thermogravimetric analysis 
(TGA). They were highlighted magnesium sulfate heptahydrate (MSH), strontium 
bromide hexahydrate (SBH), and lanthanum (III) chloride heptahydrate as most 
promising candidates for low-temperature thermochemical energy storage. Hydrates 
of magnesium sulfate (MgSO4·7H2O) and strontium bromide (SrBr2·6H2O) have 
been highlighted as promising heat storage materials by many other authors as well 
[87, 88, 89], as possessing reasonably high energy storage density and reaction 
enthalpy. Ferchaud et al. [90, 91] and Van Essen et al. [92, 93] performed TGA and 
DSC characterization of magnesium sulfate and identified it as potential 
thermochemical heat storage (THS) material due to its high chemical stability and 
energy density. Equilibrium curves of the strontium bromide and the magnesium 
sulfate are presented in Figure 1.8.  
 





Figure 1.8. Equilibrium curves of strontium bromide [94] and the magnesium sulfate 
[95] compared to pure water [28]. 
Magnesium sulfate has a very close characteristic to pure water (Figure 1.8) and 
around 150 mbar of water vapor pressure is required to reach equilibrium at 60 ˚C 
in the reactor. Whereas, strontium bromide needs around 40 mbar vapor pressure to 
reach equilibrium at the same temperature. It is also possible to completely 
dehydrate the strontium bromide hexahydrate at around 85 ˚C [28]. Equilibrium 
charts of the salt hydrates are especially important for closed system operations, 
where the operating pressure and humidity can be controlled. 
 
Marias et al. [96] investigated strontium bromide as a THS material in a small 
laboratory scale fixed bed, open system reactor, and performed hydration tests at 19˚C 
(40% RH) and dehydration tests at 61˚C (5.5% RH) as presented in Figure 1.9.  
 
 





Figure 1.9. An open system charging and discharging cyclic tests conducted in a 
fixed bed reactor with strontium bromide hexahydrate [96]. 
 
Figure 1.9 presents somehow a linear change of temperature at the outlet air condition 
as the hydration or dehydration reaction advances. This clearly shows that fixing the 
outlet temperature at a constant value could be a challenge for domestic usage. Figure 









Figure 1.10. Equilibrium curve of SrBr2·1-6H2O at atmospheric pressure [96].  
 
Under an open system operation, the reactor utilizing SrBr2·6H2O as a 
thermochemical heat storage medium will show outlet conditions around point B 
when the inlet air condition is set to point A (Figure 1.10). Similarly, for the 
dehydration reaction, if the inlet air condition is in C, the outlet air conditions 
would be somewhere around D. In other words, it is possible to subtract 5 
molecules of water out of the SBH at around 74 ˚C and 7% RH. Dehydrated salt can 
be rehydrated at around 4˚C and 90% RH [96]. The chemical materials that have 












Hydrated salt Al2(SO4)3·18H2O CaBr2·4H2O Ce(SO4)2·4H2O K2CO3·1.5H2O LaCl3·7H2O La(NO3)3·6H2O 
Dehydrated salt Al2(SO4)3·8.5H2O CaBr2·3H2O Ce(SO4)2·2H2O K2CO3 LaCl3·H2O La(NO3)3·1.5H2O 
Tmelting (˚C) 88 [97] 80–110 [97] 180 [98] > 80 [28] 91 [98] 40 [99] 
Density (𝑔 · 𝑐𝑚−3) 1.69 [97] 2.2 [97] 3.91 [98] 2.15 [100] 2.223 [101] 2.459 [100] 
Reaction enthalpy (𝑘𝐽 ·
𝑚𝑜𝑙−1 ) 
526.8 [102] 59.7 [102] 29.73 [103] 95.5 [102] 355.5 [102] 158.6 [102] 
Comments May emit toxic 
and corrosive 
fumes of sulfur 
dioxide and/or 
sulfur trioxide 
[104]. Only 1–2 ˚C 
of lift at 50 ˚C 














rate is strongly 

















problems  [111] 




Table 1.6. Selected properties of thermochemical heat storage materials in the literature (cont.) 
 
Hydrated salt SrBr2·6H2O MgSO4·6H2O LiCl·H2O MgCl2·6H2O Na2S2O3·5H2O SrCl2·6H2O 
Dehydrated salt SrBr2·H2O MgSO4·2H2O  LiCl MgCl2·2H2O Na2S2O3 SrCl2 
Tmelting (˚C) 88.6 [94] 88.5–93 [100] 99 [112] 117 [113] 48 [113] 61.3 [114] 
Density (𝑔 · 𝑐𝑚−3) 2.386 [99, 94] 2.04 [100] 1.7 [112] 1.569 [113] 1.69 [98] 1.96 [98] 
Reaction enthalpy (𝑘𝐽 ·
𝑚𝑜𝑙−1 ) 
337.0 [88, 85] 225.1 [28] 62.2 [102] 255 [115] 279.9 [116] 342 [115] 
Comments Equilibrium 
characteristics of 
the salt hydrate are 
well studied [117, 
85]. Cheap bulk 
production methods 
of the material to 
compensate its high 















It is not possible 
to dehydrate the 
salt hydrate at 
temperatures 
lower than 100 ˚C 
[122]. Side 
reactions releasing 
toxic gases may 
occur during the 




the chemical is 
affected by the 
formation of an 
approximately 1 
nm native oxide 
layer on the 
surface of the 
molecules [124].  
Often used as a 
nucleating agent as 
a part of a PCM heat 
storage material 
rather than being 
utilized in a 
thermochemical 
heat storage system 
[125, 126]. 




Figure 1.6 summarizes the salt hydrates that are considered as candidate heat 
storage material in the literature. Chemicals such as La(NO3)3·6H2O and 
Na2S2O3·5H2O have a low melting point (<50 ˚C) that could be a drawback in the 
charging cycle, i.e melting instead of getting dehydrated, therefore these salt 
hydrates were not investigated in our research. Our project investigates the possible 
usage of solar heat that is collected from solar collectors. Therefore, 80 ˚C was used 
as a targeted dehydration temperature since most of the traditional solar collectors 
provide output heat at around this temperature [127]. Because of that, we 
investigated salt hydrates that have a melting temperature of over 80 ˚C. Although 
Al2(SO4)3·18H2O has considerably high reaction enthalpy and can store higher heat 
energy in unit volume compared to most of the other salt hydrates, it is toxic thus it 
was not taken into consideration either.  SrBr2·6H2O and MgSO4·6H2O were the 
only two salt hydrates that have significant reaction enthalpy and having no toxic or 
inflammable features. For that reason, they were considered as possible heat storage 
materials in this research. Thermochemical heat storage systems utilized for low-






















Table 1.7. Summary of the reactor scale applications made for long-term low-




















ZAE Bayern [128] Zeolite 
13X 
Open 14000 - 0.37 130 60 
STAID [129] Zeolite 
13X 
Open 80 - 0.41 120-
180 
20 
ESSI [26] SrBr2 Open 400 - 0.73 80 25 
Solux [85] SrBr2 Closed 171.3 ENG 0.261 65 30 
CWS-NT/ITW 
[130, 131] 
LiCl Open - Zeolite 
13X 
0.67 180 35 
CETHIL [87] MgSO4 Open 0.2 Zeolite 
13X 
0.5976 150 25 
Loughborough 
University [132] 
MgSO4 Open 2.917 Zeolite-Y 9.24 80-150 - 
ECN [105, 133] MgCl2 Open 9 - 0.5 130 - 
SWEAT/ECN 
[134] 
Na2S Closed 6 - - 80-85 35-45 
 
As presented in Table 1.7, various prototypes of thermochemical heat storage 
systems have been evaluated. ZAE Bayern’s [128] project was developed to recover 
heat from an industrial waste incineration plant with 14 tons of Zeolite, however, it 
did not perform as required due to design issues (maldistribution of the heat in the 
packed bed). Also, the project highlighted that over 130 ˚C was required to charge 
the zeolites effectively. This high charging temperature requirement was also found 
in other studies where zeolite was utilized as a heat storage medium [129, 135, 
136]. CWS-NT [95, 96], utilized LiCl for thermochemical heat storage, but the 




material in the lower part of the reactor needed to be replaced with the material 
placed in the upper part for complete dehydration, thus it was not considered as an 
ideal system. MgCl2 has also attracted some attention and some heat storage 
prototypes using this salt were developed [105, 133]. However, the corrosiveness of 
MgCl2 was the major limitation of these systems [137]. Prototypes utilizing MgSO4 
and SrBr2 showed promising performance. MgSO4 was generally utilized with a 
support medium (i.e zeolite) to keep the porosity of the reaction bed good enough 
for the cyclic tests, as MgSO4 has a tendency towards dissolution in pores smaller 
than 7 nm during the hydration operation [138].  
 
Various supportive materials were also utilized to enhance some properties of the 
thermochemical heat storage materials. Opel et al. [139] utilized graphite, sand, 
copper, and zeolite as a supportive medium for MgCl2. They found that zeolite was 
good for enhancing the structure of the composite with a tradeoff of increasing the 
reaction temperatures and therefore it considered not very practical. On the other 
hand, graphite was found to decrease the reaction temperatures by 15 ˚C, thus 
allowing reactions to occur with a lower heat input. Additionally, graphite and 
copper were found to increase the thermal conductivity of the materials [139].  
 
Druske et al. [140], investigated activated carbon (C) foam and expanded natural 
graphite (ENG) as a supportive media for CaCl2. They have found that the thermal 
conductivity of the salt was increased two to three times when used with the carbon 
reinforcements. Furthermore, both activated carbon and ENG helped solve the 
deliquescence problem of salt hydrate. Salts hydrates have a high number of crystal 
water molecules and it is possible for them to form saturated salt solutions when 
they are exposed to the high relative humidity/pressure conditions. Deliquescence 
of salt hydrates can be defined as a process of absorbing water molecules from the 
environment beyond the hydration limits and gradually dissolving in the absorbed 
access water [140]. 
 
Casey et al. [141] utilized silica gel, vermiculite, activated carbon and zeolite 13X 
to enhance the characteristics of several salt hydrates such as MgSO4, CaCl2, 
Ca(NO3)2, LiBr, etc. They found that vermiculate increased the proportion of 




mesoporous volume to total volume - thus increasing the accessibility to the 
moisture vapor and the performance of the system. Several groups especially 
highlighted CaCl2-vermiculate composites as potential chemical heat storage media 
due to its good thermal performance and multi-cyclic ability [141, 142, 143]. 
 
Tanashev et al. [144] investigated the changes in the thermal conductivity of MgCl2, 
CaCl2, LiBr after utilizing silica gel and alumina in the composite mixture. They 
showed a noticeable increase in the thermal conductivity of the composites with the 
use of both silica gel and alumina. However, the stated reason for this increase was 
because of the pores were filled by the salt solution during the cyclic tests [144]. 
This phenomenon was supported by other studies made on porous media [145, 
146]. 
 
Jänchen et al. [147] utilized AlPO4-molecular sieves, modified sieves SAPO-34, 
and zeolites as a possible supportive material for THSS. AlPO4- and SAPO-
molecular sieves were highlighted as good supportive media, as they helped 
enhance the adsorption characteristics by increasing the amount of the heat of 
absorption [147]. In other research,  Ristic et al. [148] were also utilized APO‐Tric 
as a potential supportive material for the thermochemical heat storage materials as it 
does not allow any water molecule to loosely bond to its structure, thus help to keep 
the free volume in the composite. 
 
Another group tested activated carbon, expanded graphite, and silica gel as a 
supportive medium for LiCl. Activated carbon was found to give good support to 
the structure of the composite by providing a higher water uptake compared to silica 
gel. ENG was also highlighted as a good candidate to enhance the thermal 
conductivity of the composite [149]. 
 
Cyclic tests for a CaCl2-iron silicate composite (FeKIL2) were performed by  Ristic 
et al. [150]. They found that maximum water sorption capacity of the composite 
was increased 3 times after using the mesoporous silicate as a supportive medium 
[150].  
 




Korhammer et al. [151] utilized ENG and activated carbon foam in a composite 
mixture with KCl and CaCl2 to prevent the deliquescence problem of the salt 
hydrates and to increase the thermal conductivity. After using ENG, the overall 
thermal conductivity of the composite material was tripled. While there was an 
improvement in the deliquescent problem, the problem was not completely solved. 
Activated carbon foam increased cyclic stability and water sorption performance 
[151]. 
 
Wu et al. [152] utilized Na2SO4⋅10H2O and Na2HPO4⋅12H2O in a 1:1 mass ratio as 
a salt hydrate pair for THSS. This was impregnated into ENG and then coated with 
paraffin wax to create a shape stabilized heat storage media. Samples were 
compressed into a pellet form under a compression pressure of 2 MPa. Pellets went 
through a heating process at 60 ˚C and as presented in Figure 1.11, the paraffin 
coated pellets showed good structural stability. ENG helped pellets to have high 




Figure 1.11. Composite pellets 12.7 mm in diameter and 2 mm in thickness utilized 
for thermochemical heat storage, before heating on the left and after the heating 
cycle the right [152]. 
 
Zhao et al. [153] utilized SrBr2 composite sorbents in a THSS. The composite was 
prepared by mixing the SrBr2 and ENG which had been treated with sulfuric acid. 
After the addition of ENG, the test samples, manufactured in 40×40×10 mm, 




showed an enhanced thermal conductivity without any reduction in their water 
uptake. 
 
1.6 The Motivation of the Research 
 
New Zealand’s energy demand peaks during winter months from June to August 
due to the heating needs as it is illustrated in Figure 1.12.  
 
 
Figure 1.12. New Zealand electricity demand in 2018 and 2019 [154].  
 
Change in the NZ’s electricity demand was around 2% within the same months of 
the last two years (Figure 1.12), which indicates the demand growth was stayed 
relatively unchanged. More than 75% of New Zealand’s population is living in the 




North Island, therefore, it would be easily assumed that the electricity demand in 
the North Island would also be 3 times more than the South Island [155]. However, 
on average North Island’s monthly electricity demand was roughly 450 GWh, only 
1.5 times the South Island’s demand, 290 GWh. One factor is the south island’s 
colder climatic condition overall, but another is that the Tiwai Point aluminum 
smelter takes a good proportion of the south’s electricity supply [5, 156]. 
Thermochemical heat storage systems can make a direct impact by reducing the 
domestic energy consumption in an environment-friendly way, thus helping to 
achieve NZ’s zero carbon emission target by 2050 [157]. Thermochemical heat 
storage systems can also help in solving the severe dampness problem in NZ homes 
[158].  
 
Today, research in THSS materials is focused on the development of composite 
heat storage media to address the requirements of high-energy storage density and 
fast heat and mass transfer [159, 121, 160]. Salt hydrates show hydrothermal 
stability problems such as deliquescence and leakage from the openings of the 
reactor bed due to its deliquescent form. Therefore utilizing salt hydrates in their 
pure form is considered challenging [84]. Hydrothermal stability can be enhanced 
by utilizing salt hydrates in a composite pellet form [84]. The usefulness of utilizing 
supportive carbon within the composite THS material was underlined in previous 
studies [84, 151]. Improvements in the THS material’s geometrical structure and 
physical properties, such as porosity and thermal conductivity, are needed to 
maintain the heat and mass transfer rates over a long period of operation (> 10 
years). Materials such as silica gel or silica-aluminophosphate (SAPO) are thought 
to be promising supportive materials, and zeolite has attracted particular attention 
due to its high porosity [87]. However, activated carbon is favored over zeolite as a 
supportive THSS material due to its three times higher specific surface area (1700 
m2.g-1 vs 600 m2.g-1) and five times higher thermal conductivity (0.07 kW⋅m-1⋅K-1 
vs 0.15-0.5 kW⋅m-1⋅K-1) [161], at a similar cost of around 1 USD⋅kg-1 [162, 163]. 
Additionally, the very hydrophilic characteristics of zeolite cause the salt hydrates 
to dissolve in excess pore water and prevent its complete hydration in the 
discharging cycle. This is a major drawback for long-term heat storage [121, 164]. 
Preventing the salt hydrates from deliquescing during the hydration cycles is 




another problem to address [159, 121, 160]. 
 
Using supportive materials with lower heat storage capacities will reduce the 
overall energy storage density; however compression of the composite mixture will 
help keep the volumetric energy storage density similar to pure salt hydrates and 
improve the structural integrity of the materials. Additionally, utilization of 
composite materials may help tackle THSS long term energy storage challenges, 
including salt hydrate deliquescence and geometrical deformations. Py et al. [165] 
created a composite carbon-based supportive material utilizing activated carbon as a 
promising candidate for THS pellets. ENG was also utilized to enhance the low 
thermal conductivity of activated carbon in a composite mixture in other 
applications [165]. ENG together with activated carbon can increase the thermal 
conductivity of a composite up to 30 W⋅m-2, without requiring an additional binder 
to maintain its structural integrity [165]. However, there is not any previous 
research using an activated carbon-expanded natural graphite mixture as a 
supportive component in THS materials. 
 
Most of the studies that have been done for THSS generally focus on closed system 
reactors with little to no attention (or need) to solving the deliquescence problem of 
chemical or salt hydrate leakage from the reactor. With an open reactor system, it is 
harder to control the humidity, and deliquescence can be a real problem. 
 
1.7 System Selection, Operation, and Research Questions  
 
SBH and MSH were selected to be tested as a THS material in this research because 
they are non-toxic, easy to access, and more importantly suitable to operate under 
NZ climatic conditions [28]. However, the salt hydrate which is contained in the 
reactor can often get deliquescent and leak outside of the reactor, resulting in a 
gradual depletion of the heat storage material thus reducing the heat storage 
capacity [84].  Therefore, we manufactured pellets using activated carbon and 
expanded graphite to solve the deliquescent problem and the leakage from the 
reactor. Heat transfer in the porous media can be defined as in Equation 1.2 [60, 
166]. 





( (1 − 𝜀)(ρ𝐶𝑝)𝑠 + 𝜀(ρ𝐶𝑝)𝑣) + 𝑢𝑣  ∙ ∇T = ∇ ∙ (𝑘𝑒𝑓𝑓∇T) +  𝑆𝑠𝑡𝑜𝑟𝑒𝑑     (1.2) 
Where 𝜀 is the total porosity of the material bed, Cp is the specific heat capacity of the 
porous material, ρ is the volumetric density, keff is the effective thermal conductivity, uv 
is the vapor velocity factor, Sstored is the stored heat.  As the heat transfer in the porous 
media is linked to thermal conductivity, porosity, and specific heat capacity of the 
material we have conducted these characterizations for our manufactured pellets. In 
addition to porosity tests, permeability tests were also conducted using nitrogen as a 
working fluid to obtain a better understanding of the pellets’ permeability under the air 
like condition as the nitrogen gas has a similar density and dynamic viscosity to air 
[167]. All of the above-mentioned characterizations are also necessary for the heat 
storage system designing and simulations which could be an interest for future studies. 
TGA and DSC tests were made to analyze the changes in the chemistry and heat storage 
capacity of the salt hydrates. 
 
Fixed bed reactors often provide a simpler reactor design with significantly less capital 
cost and reactor size [66]. We used a fixed-bed open system design in our reactor model 
as the reduced rector size and the reduced capital cost are important for the possible 
commercialization of the system. However, one major drawback for the fixed bed 
reactor is the high-pressure drop across the inlet and outlet of the reactor bed [66]. For 
this reason, we have made a tubular reactor design using metal meshed tubes. Meshed 
tubes have spaces in between them which can decrease the pressure drop between the 
inlet and outlet as the airstream could easily flow through. We first started with an inline 
tubular reactor design where the space between the tubes was significant, then we made 
a more densely packed design using a staggered tubular and spiral reactor types to 
investigate the reaction advancement and the pressure drop. 
 
Our aim is to create a system that could operate under NZ climatic conditions therefore 
based on the NZ climatic data (Figure 1.13), we determined the testing conditions. 
 
 





Figure 1.13. Average temperature (on top) and relative humidity (on bottom) in NZ 
cities in between 1981-2010. Raw data is obtained from NIWA [168]. 
On average mean minimum temperature in NZ never goes below 3 ˚C during the winter 
months and the relative humidity is always around 80% RH. Therefore we used 5 ˚C,  
80% RH, and 10 ˚C, 75% RH for discharging (hydration) operation. We used 80 ˚C, 
10% RH, and 75 ˚C, 15 %RH testing conditions for our system since 80 ˚C output 
temperature is easily obtainable from solar collectors [127]. 
 
Overall we conducted this research to answer the following research questions: Can we 
solve the deliquescence problem with using supportive materials? Could we make 
structurally stable THS pellets? Can a reactor be operated under NZ climatic 
conditions? 
 
The number of salt hydrates was reviewed for heat storage applications in the literature 
with no success of commercializing it [11, 84, 160]. Common reasons why these salt 
hydrates were not successful are the salt hydrate leakage outside of the reactor bed due 
to deliquescence problem, corrosion in the reactor bed, complicated and often expensive 
closed system reactor design. The biggest contribution to the literature with this 
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stable composite pellets that are capable of over 10 h/d cycles. Additionally, the concept 
of the spiral reactor is new to the THS field and it provides very high volumetric heat 
storage capacity which could be beneficial for reducing the storage space in domestic 
applications.  
  
1.8 Thesis outline 
 
This research focuses on developing composite THSS materials with enhanced 
thermal conductivity and porosity for increased heat conduction and vapor sorption 
kinetics. Composite pellets were manufactured utilizing MgSO4⋅7H2O and 
SrBr2⋅6H2O as a THS material supported with different supportive materials (i.e. 
activated carbon, expanded natural graphite, celite, molecular sieves, nanoclay, 
etc.). Different compression pressures were applied to the composite mixtures, 
prepared at different mixing ratios, to make pellets. Differential scanning 
calorimetry, thermogravimetric analysis, thermal conductivity, porosity, and 
permeability tests were conducted for the characterization of the manufactured 
pellets. The selected composite pellet was utilized in laboratory-scale reactor tests 
and went through the hydration and dehydration cycles. 
 
Chapter 2 describes the specification of the equipment utilized for this research. All 
the major components, such as the climatic chamber, data acquisition device, etc. to 
auxiliary components such as spill tray and bilge pump, were specifically obtained 
or built for this research. All the humidity and the temperature sensors were 
assembled in our laboratory and the specifications of the instruments are given in 
Chapter 2. Methods utilized for the characterizing the composite pellets and 
determining the dehydration and hydration advancements are also explained in this 
chapter. Finally, the assembly and the design stages of the different types of 
reactors utilized in this research are explained.  
 
The material development process, composite pellet manufacturing steps, and the 
explanation of the reasons for selecting each chemical are given in Chapter 3. 
Pellets were prepared by using only salt hydrates (i.e. MSH, SBH) at different 
compression pressures for the first phase of material development. Then, activated 




carbon or ENG was included in the composite mixture in phase 2. The 3rd phase of 
the material development was conducted to improve the initial results used mixtures 
of activated carbon and ENG as the supportive media compressed at different 
pressures. At the last material development phase, other hydrophilic supportive 
materials such as celite, fumed silica and magnesium trisilicate were included in the 
composite mixture either alone, or together with the additional granular supportive 
materials, i.e. molecular sieves, amberlyst, activated carbon, ENG. The results of 
the static material level tests are also presented in this chapter. For the static tests, 
pellets manufactured at different mixing ratios and compressing pressure went 
through hydration and dehydration tests, and their mass changes were recorded. 
Specific heat capacity, permeability, porosity, thermal conductivity, and thermal 
(DSC-TGA) characterizations of the materials were made for both hydrated and 
dehydrated pellets. Additionally, each pellet went through a 10 cyclic hydration and 
dehydration tests to investigate the cyclic performance of each composite. TGA and 
DSC measurements were conducted after each cycle to track possible chemical 
changes and the advancement of the h/d reactions 
 
Chapter 4 presents the dynamic reactor level characterizations. For the dynamic 
tests, four different fixed bed reactors were designed; a tubular reactor in inline 
layout, a tubular reactor in a staggered layout, a packed bed reactor filled with 
pellets, and a spiral reactor. Each reactor type went through several h/d cyclic tests 
and TGA and DSC tests were made to assess the advancement of the reaction at the 
end of each hydration or dehydration step. Throughout the reaction tests, inlet and 
outlet temperatures, relative humidities, and pressure differences were recorded 
along with the mass change in the reactor. 
 
Chapter 5 is the conclusion chapter presenting the key findings of this research and 










1.9 Nomenclature for Chapter 1  
 
Abbreviations 
Symbol Definition (Units) 
C Activated Carbon 
Cp Specific heat capacity  
DSC Differential scanning calorimetry 
ENG Expanded Natural Graphite 
eff Effective 
h/d Hydration and Dehdyration 
H12-NEC Dodecahydro-N-ethylcarbazole 
LOH Liquid Organic Hydrides 
MCH Methylcyclohexane 
MS Marlotherm SH 
MSH Magnesium sulfate heptahydrate (MgSO4⋅7H2O) 
NEC N-ethylcarbazole 
PCMs Phase Change Materials 
SAPO Silica-aluminophosphate 
SBH Strontium bromide hexahydrate (SrBr2⋅6H2O) 
SHS Sensible Heat Storage 
TGA Thermogravimetric analysis 
THS Thermochemical Heat Storage 
THSS Thermochemical Heat Storage Systems 
WHO World Health Organization 
NZ New Zealand 
 
Roman and Greek symbols 
Symbol Definition  
ΔH Enthalpy change  
𝜀 The total porosity of the material bed  
keff Effective Thermal Conductivity 
𝑆𝑠𝑡𝑜𝑟𝑒𝑑 Stored Heat 




ρ Volumetric density  
uv Velocity vector 
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2 Equipment and Methodology  
 
All of the equipment used in this research are presented in this chapter. Additionally, 
empirical criteria of the associated tests and measurement techniques are also described. 
Differential scanning calorimetry (DSC) allows a simultaneous heat flux measurement 
with temperature change and it was utilized with thermogravimetric analysis (TGA) to 
observe water molecule removal (dehydration) from the samples. Determination of 
thermal conductivity, permeability, and diffusivity of the materials is important to predict 
the performance of the thermochemical heat storage materials. THS materials went 
through both static and dynamic (with airflow) h/d tests. For dynamic h/d tests the 
different types of reactors such as inline tubular, staggered tubular, fixed bed spiral, and 
fixed bed reactor with pellets were utilized. Finally, a full description of the build and 
design of the reactors is given, including the location of the various sensors, and the 
associated auxiliary equipment.  
 
2.1 Humidity Measurements  
 
A total of 22 humidity sensors1 were used to measure airstream relative humidity in the 
different reactor models. Honeywell humidity sensors (HIH-4000-004) were used, the 
calibration certificates for the individual sensors are given in Appendix A. Technical 









                                                 
1 Honeywell HIH-4000-004 humidity sensor. 
 




Table 2.1. Performance specifications of the Honeywell HIH-4000-004 humidity sensor 
[1]. 
Operating Temperature -40 ˚C to 85 ˚C 
Accuracy ±3.5% RH (max) 
Hysteresis 3% RH 
Stability at 50% RH ±1.2% RH 
Repeatability ±0.5% RH 





Figure 2.1. Operation characteristics of Honeywell HIH-4000 series humidity sensors [1]. 
Sensors were utilized in the hydration and dehydration operation zones. 
 
Figure 2.1 shows that the sensors can safely operate within the targeted temperature 
operation range of 0 ˚C to 85 ˚C. Cable connections for the humidity sensors were made 
in our laboratory according to their connection specifications given in Figure 2.2.  
Hydration operation zone 
Dehydration operation zone 
 





Figure 2.2. Humidity sensor mounting dimensions given in mm/[in] on the left [1], 
sensors presented after the cable connections on the right. 
 
These humidity sensors were compared against a separate humidity and temperature 
meter2 (Vaisala Humicap HM40 hydrometer, humidity, and temperature meter) in a 
relative humidity range of 0%  ̶  90% at 25 ˚C. The humidity and temperature meter2 had 
±1.5% RH accuracy at this range [2]. The two showed less than a ±0.5 % difference in 
RH. Therefore, the uncertainty in the humidity measurement done by the analog sensors 
was found to be ±2% RH which was less than their maximum accuracy, ± 3.5% RH (Table 
2.1). The measurement accuracy of the sensors complied with the American Society of 
Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) standards [3].  
 
2.2 Temperature Measurement 
 
Similarly to the humidity sensors, 22 analog temperature sensors3 were used for the 
airstream temperature measurements in the reactors. Calibration error for the sensors was 
                                                 
2 Vaisala humicap HM40 hydrometer, humidity and temperature meter. 
3 Analog Devices AD592-CNZ analog temperature sensor. 
Back side:  
Channel number 
Front Side:  
Integrated circuit 
upper layer 
Black: Power supply (neutral connection)  
Yellow/Green: Sensor output 
Red: Power supply (positive) 
 




less than ±0.20 ˚C at 25 ˚C and the characteristics of the sensors are given in Table 2.2. 
Temperature sensors operate similarly to silicon transistors, where voltage difference 
between the sensor’s terminals is converted to a current proportional to the temperature 
in kelvin, thus they have good linearity and high stability [4]. All sensors were 
individually calibrated by Analog Device and their performance has been checked with 
humidity and temperature meter2 in our laboratory. After 196 hours of testing in a 
temperature range of 10 ˚C  ̶  60 ˚C, overall accuracy of the temperature sensors were 
found to be better than ±0.2 ˚C in agreement with the calibration specifics and complying 
with the ASHRAE standards of temperature measurement [5]. 
 
Table 2.2. Performance specifications of Analog Devices AD592-CNZ temperature 
sensors [4]. 
Accuracy (0˚C to 70˚C) ±0.2 ˚C 
Nonlinearity (0˚C to 70˚C) ±0.025 ˚C 
Accuracy (70˚C to 105˚C) ±0.25 ˚C 
Nonlinearity (70˚C to 105˚C) ±0.05 ˚C (typical) 
Repeatability ±0.1 ˚C 
Long term stability ±0.1 ˚C /month 
 
Temperature sensors were connected to the data acquisition device DT800 in accordance 
with the voltage conversion diagram given in Figure 2.3. The accuracy of the temperature 









Figure 2.3. Voltage conversion diagram for AD592 (left) and the effect of voltage trim 
scale factor on accuracy (right) [4]. 
 
Dimensions and cable connections of the temperature sensor are illustrated in Figure 2.4.  
 
 
Figure 2.4. Temperature sensor mounting dimensions in inch/(mm) on the left [4] 
prepared cable connections on the right. 
 
The same wiring color code was followed with the humidity sensors, the red wire, and 
black wire used to indicate (+) and (–) terminals respectively. A single line connection 
Black: Power supply (neutral connection)  
Red: Power supply (positive) 
Front Back 
 




diagram is shown in the Data Acquisition section of this chapter and the calibration 
equations are given in Appendix B. 
 
2.3 Data Acquisition  
 
A Data Taker DT800 was utilized to record the measured temperature and humidity data 
from the lab-scale reactor h/d tests. DT800 is a high-speed data acquisition device with a 
sampling rate of 100 kHz at a 16-bit resolution. DT800 has 24 input channel pairs, 
allowing a 24 individual sensor connection by using a two-wire connection configuration. 
In the case of using one of the two terminals as a shared terminal, up to 36 analog sensors 
can be connected to the acquisition device. For the hydration and dehydration tests, 12 
temperature and 12 humidity sensors were installed to the reactors and connected to the 
data acquisition device as shown in Figure 2.5.  
 
 
Figure 2.5. DT800 internal connection diagram on the left [6] and the connections made 
to the DT800 on the right. 
 
Both humidity and temperature sensors required an external 5V power supply, for this 
reason, the power distribution board is made and installed on top of the data acquisition 
device to drive the sensors (Figure 2.5). DT800 has ±0.02%, ±0.05%, ±0.04% and 
±0.07% measurement accuracy at 25 ˚C for DC voltage, AC voltage, DC resistance, and 
AC resistance measurements respectively. For the DC voltage measurements, accuracy 
associated with the data acquisition was ±0.1% of the measurement temperature (45  ̶  70 
 




˚C) [6]. Figure 2.6 shows the single line diagram of the sensors connected to the data 
acquisition device.  
 
 
Figure 2.6. Single line diagram showing the temperature (AD592-CNZ) and humidity 
sensor (HIH-400-004) connections to the data acquisition device (DT800). 
 
The temperature sensors had 3 pins and the second pin can be used to create a resistance 
bridge or it can be left unconnected. In case of leaving the second pin unconnected, the 
sensor would give 1µA current output for each kelvin (i.e. 75 µA for 75 K). DT800 had 
default programming options for AD592 sensors meaning that the type of the sensor can 
be selected from the DT800 programming list and the data acquisition device can compute 
the necessary calculations. Nevertheless, during the tests, DT800 has failed to make 
interpretations below 23 ˚C but operated steadily at the temperatures over 23˚C. This 
indicates that 23 µA was not sufficient for DT800 to make reliable data acquisition. 
Therefore, the temperature sensor was assigned to DT800 as a voltage source. In order to 
have a voltage reading from the temperature sensors, current to voltage conversion was 
made in accordance with the AD592 datasheet [4]. The new output from the temperature 
sensors was 1 mV per K. Similarly, humidity sensors1 was also assigned as a voltage 
source in the data acquisition software and the connections were made as instructed by 
their datasheet [1]. 
 
Both temperature and humidity values recorded in mV needed to be corrected with the 
respective calibration coefficients. Coefficients were obtained from calibration 
 




certificates and were implemented to the data acquisition software. Figure 2.7 shows the 
linear conversion chart utilized to convert signal values to physical measurement values.  
 
Figure 2.7. Span coordinates [6].  
 
Calibration coefficients were assigned to the channels by using the DT800 interface4, 
presented in Figure 2.8. 
                                                 
4 Delogger 5 interface software. 
 





Figure 2.8. DT800 interface showing the channel assignments on top and scaling 
coefficients at the bottom. 
 





Temperature sensors and humidity sensors were connected to the data acquisition device 
by using a two-wire configuration. However, humidity sensors were connected with 
having one common connection per two analog channel pairs to match the number of the 
required sensor connections to the available number of channels. Detailed channel 
assignment and the written acquisition program are given in Appendix C.    
 
2.4 Pressure Measurement  
 
The static pressure difference between the inlet and the outlet of the reactor was measured 
by a differential pressure gauge5, shown in Figure 2.9. The Additel differential pressure 
gauge had a full-scale measurement accuracy of 0.02% within the operation range of            
-700 mbar  ̶  700 mbar (±70kPa). It can operate in between -10˚C  ̶  50˚C which was 
suitable for our laboratory scale experiments where the indoor temperature was always 
stayed in the gauge operation temperature rage  [7]. This gauge was also utilized for 
testing the permeability of the manufactured pellets.  
 
 
Figure 2.9. Additel Adt681 differential pressure gauge. 
 
The differential pressure gauge allowed a real-time data acquisition with a 0.2 s time 
interval with its interface, Additel data logging software6, presented in Figure 2.10.  
 
 
                                                 
5 Additel ADT681-02-DP300 differential measurement gauge. 
6 Additel LogII (9502) real-time data logging and graphical software. 
 





Figure 2.10. Data acquisition interface of the differential pressure gauge. 
 
The pressure gauge was calibrated by Additel against an Additel ADT160-A-AP30Q-
PSI-N quartz pressure module7 and ADT770-100 pressure controller8.  Calibrations were 
conducted in the range of -300 inH2O ≤ Pcal ≤ 300 inH2O at 24.4 ˚C, 53% RH. The 
calibration certificate of the differential pressure gauge is given in Appendix D. 
 
2.5 Mass Measurement  
 
Three different scales were utilized in our laboratory for weighting the masses of the 
reactors and the sample tubes/pellets. In order to do mass measurements during the h/d 
tests, selected reference pellets or tubes were taken from their fixed bed and weighted 
with an analytical balance9 throughout the cyclic tests. This balance9 had 0.1 mg 
resolution with a 120 g of maximum measurement capacity. The capacity and the 
resolution of the utilized balances are given in Table 2.3.  
 
                                                 
7 Additel ADT160-A-AP30Q-PSI-N quartz pressure module. 
8 Additel ADT770-100 pressure controller.  
9 Adam PW 124 analytical balance. 
 




Table 2.3. Scales used for weight measurements. 
Scale Capacity Resolution 
Analytical scale 120 g [8] 0.0001 g [8] 
Digital scale 5000 g 0.01 g 
Bench-scale 20000 g [9] 2 g [9] 
 
Mass changes in the tubular reactors were measured with an analytical digital weighing 
scale10 during the cyclic tests. The scale had a maximum capacity of 5 kg with a 0.01 g 
resolution. Calibration of the scale10 was made with the brass weights in the range of 100 
g ≤ m ≤ 4500 g. Firstly, 100 g brass weights were weighed with the analytical scale, with 
the most noticeable differences between the labeled masses and the measured masses was 
0.3 mg which was considered as the individual inaccuracy of the brass weights. The brass 
weights were then used for calibrating the digital scale10. 
 
A calibration equation (2.1) was obtained after calibrating the digital scale10. The R2 value 
for the equation was 1, mscale in the equation represents the actual mass measurement from 
the balance, and m is the calibrated mass.  
 
mscale = 0.9948m + 1.1823 (2.1) 
 
The fixed bed reactor filled with pellets was weighted more than 5 kg, therefore, a bench-
scale11 was utilized for hydration and dehydration mass measurements of the reactor. 
Individual pellets that were assigned as reference pellet were weighted with analytical 
scale9. The bench scale11 had a maximum measurement capacity of 20 kg with 2 g 
resolution. Previously tested 100 g ± (0.0003 g) grass weights were used for mass 
verification with the bench-scale over a range of  100 g ≤ m ≤ 4500 g and other grass 
weights with known masses of 2.5 ± 0.03 kg,  3 ± 0.03  kg and 5 ± 0.03  kg were also 
used to increase the verification mass from 4500 g to 15000 g.   
 
                                                 
10 Bais analytical digital weighing balance. 
11 Acculab SVI-20B bench scale. 
 




Measurements made in between 100 g ≤ m ≤ 11000 g were in good agreement with the 
actual masses of the grass weights, with 1 g of inaccuracy. However, in case of weighting 
over a 15 kg reference mass, bench balance11 was showed up to a 20 g of mass differences 
between the readings and the actual masses of the grass weights. Nonetheless, the bench 
scale11 was only used to measure the mass of reactors that weighs less than 6 kg. With the 
consideration that the inaccuracy at the known masses was equal to the uncertainty in the 
scale reading, ± 20 g was taken as a mass measurement uncertainty for bench scale11. 
 
2.6 Environmental Chamber 
 
The environmental chamber presented in Figure 2.11 was utilized to create the desired 
environmental conditions at set temperatures and relative humidities.  
 
 
Figure 2.11. The climatic chamber utilized for the experiments, fresh air inlet, and 
conditioned air outlet are represented by orange and blue arrow respectively. 
 
Wuxi Harris manufactured this custom-made chamber specifically for this research. 
Chamber had a fine-tuned PID controlling system with a controller12 where the desired 
humidity and temperature values were set. The climatic chamber had a specified accuracy 
of ±3% RH and ±1 ˚C [10]. Figure 2.12 shows the location of the sensors in the climatic 
                                                 
12 UE soft U-740-TH 24 Vdc /300 mA controller. 












Figure 2.12. The climatic chamber’s outlet duct, outside of the duct is on the left and the 
inside of the duct is on the right. No.1: HVAC airflow sensor, No.2: Temperature and 
humidity sensor, No.3: Centrifugal fan, No.4: Evaporator inlet to the heating system, 
No.5: Heating system. 
 
Relative humidity and temperature values were maintained at the set values by an electric 
heating system, with steam injection (Figure 2.12, No.4) into the circulating air inside of 
the heating system’s reservoir (Figure 2.12, No.5) and the cooling system. Conditioned 
air is exhausted outside by the centrifugal fan13 (Figure 2.12, No.3) and temperature, 
humidity, and airflow rate were measured with the temperature and humidity sensor14 
(Figure 2.12, No.2) and the airflow meter15 (Figure 2.12, No.1) respectively at the outlet 
of the chamber’s duct. The chamber was capable of providing a volumetric airflow rate 
over a range of 14 m3·h-1 ≤ V̇ ≤ 318 m3·h-1, equivalent of 0.22 m·s-1≤ 𝑣 ≤5 m·s-1 airflow 
speed in a cylindrical duct of 150 mm diameter. The airflow meter had a specified 
uncertainty of ±0.2 m·s-1, ±3% of the measured value [10].  
 
The humidity and temperature sensor14 had a wide temperature and relative humidity 
measurement ranges: -40 ˚C ≤ T ≤ 120 ˚C and 0% RH ≤ ф ≤ 100% RH. Uncertainty in 
the measured temperature and relative humidity were ± 0.1 ˚C and ±1% RH (at 25 ˚C in 
between 5% ‒ 95% RH). 
                                                 
13 Tianyu 2750M 220 Vac  50/60 Hz centrifugal fan. 
14 Kunlun Coast JWSK-6ACC02 temperature and humidity sensor. 













Humidity and temperature sensors provided an output current in the current range 4 mA 
≤ I ≤ 20 mA, output currents obtained from the sensors were sent to the controller for the 
assessment. The air flowmeter was able to measure the airflow speeds up to 10 m·s-1 
however, the stability of the chamber did not design to provide temperature and humidity 
stability over 5 m·s-1 which was the targeted maximum flow speed used for this research. 
Similar to the temperature and humidity sensor, the airflow meter also sent a current 
output from 4 mA to 20 mA to the controller [10]. The controller (Figure 2.13-5) was 
receiving temperature, humidity, and airflow speed signals across the chamber, and it was 
connected to a touch screen controller with RS-232 connection to let users define the 
temperature, humidity, and flow rate settings. Figure 2.13 presents the power and signal 
distribution units of the climatic chamber. 
 
 
Figure 2.13. Power distribution and control unit. No.1: Air switches16, No.2: AC 
contactors, No.3: Solid-state relays, No.4: Intermediate relays. No.5: Temperature and 
humidity controller No.6: Connection terminal. 
                                                 
16 Siemens 1x6A, 3x16A air switch. 










The humidifier and centrifugal fan were controlled with solid-state relays17 (Figure 2.13, 
No.3) and the electric heater and compressor system was powered and controlled with the 
AC connectors18 and the intermediate relays19 (Figure 2.13). Figure 2.14 presents the 




Figure 2.14. Climate chamber compressor and condenser. No.1: Condenser cooling fan, 
No.2: 24V embedded switch mode power supply (smps), No.3: Humidifier, No.4: Water 
level control box, No.5: Compressor, No.6: Filter Dryer (Uni-directional), No.7: 
Condenser, No.8: Compressor starter box. 
 
The speed of the centrifugal fan and the condenser cooling fan was controlled by a 
converter20 (Figure 2.14, No.1). (Figure 2.14, No.2) was utilized in the chamber to 
                                                 
17 Scnulber SSR-40DA Single-phase solid state relay 3-32Vdc input 24-380 Vac output. 
18 Siemens 22E 3TB41 and 3TB423 3 phase contactor relay. 
19 Omron MY2N DC24 miniature power relays. 













energize sensors and relays. A water controller box (Figure 2.14, No.4) was installed to 
control the water level inside of the humidifier (Figure 2.14, No.3) that injects steam into 
the air inside of the reservoir to be treated for the humidity adjustment.   
 
Two floating switches were installed inside of the water level control box, one of them 
was controlling the water pump to inject more water as needed. This switch was set as 
normally closed (NC) when the water reached the desired level it opened its contacts to 
stop water coming into the water level control box. A floating switch was installed just 
under the lid of the box to prevent flooding. The water level control box was connected 
to the humidifier with a U-tube connection, allowing water to pass from the water level 
control box to the humidifier and maintaining the same water level with the water level 
control box. When the water level was too low in the humidifier, a second floating switch 
installed at the bottom of the water level control box closed its contacts, and water was 
injected inside of the box, thus increasing the water level in the humidifier. In case of an 
absence of the water in the humidifier, the climatic chamber automatically turned itself 
off and showed a corresponding error message. 
 
A compressor21 using R410-A refrigerant with a capacity of 30000 BTUs·h-1 (8.79 kW), 
was installed to the climatic chamber. A liquid line filter-drier22, condenser, and its 220V 
condenser fan23 were also installed to the climatic chamber as a part of the cooling system 
(Figure 2.14, No.5, No.6, No.7). Condensed water in the condenser and the circulating 
water in the water controller box were ejected from the system into the drip tray as 
presented in Figure 2.15.  
 
 
                                                 
21 Copeland RF41C1E-CAV-502 hermetic compressor. 
22 Jinhaozl JH-083S liquid line filter drier.  
23 Midcool YWF4E-300S 220V Axial Fan (1690m3/h flow rate at 1380rpm). 
 





Figure 2.15. Drip tray and submersible bilge pump. 
 
A submersible pump24 was installed inside of the drip tray to pump the water out from 
the tray to the drainage system. The pump was turned on automatically every 2.5 minutes 
to check the water level in the spill tray. A portable heat hump25 was modified as 




Figure 2.16. TCL Portable Heat Pump Air Conditioner, 4087 W cooling, 3798 W heating 
power, and 2.86 L·hr-1 moisture removal rate. 
 
                                                 
24 Rule LoPro LP900S Automatic Bilge Pump 900GPH 12v. 
25 TCL Portable Heat Pump Air Conditioner, 4087W cooling, 3798W heating power and 2.86 Lˑhr-1 moisture removal rate.  
 




This heat pump had 4087 W cooling and 3798 W heating power, providing fresh air to 
the climatic chamber at 10 ˚C and at 45 ˚C for dehydration and dehydration cyclic tests 
respectively. The total chilling capacity of the system (climatic chamber and heat pump) 
was increased to 12.89 kW (8.79kw+4.1kw) and the heating power is increased to 8.8 kW 
(5 kW+3.8 kW) after adding the heat pump to the system. Before starting the cyclic tests, 




Figure 2.17. Climatic chamber empty load tests on left. Vaisala humicap HM40 
hydrometer, humidity and temperature meter on the right. 
 
The inlet and outlet of the climatic chamber were directly connected by a 150 mm 
diameter insulated duct. Chamber was run at a certain temperature and relative humidity 
set points within the ranges 5 ˚C ≤ T ≤ 95 ˚C and 10% RH ≤ ф ≤ 90% RH and the 
deviations from the set values were observed from the chamber’s controller screen. The 
chamber’s stability was found to be ±0.1 ˚C and ±1% RH from the temperature and the 
relative humidity set points. The results of this test are given in Appendix E. Additionally, 
the temperature and humidity of the chamber were also measured by using a hydrometer; 
the differences were found to be up to ±1.5 ̊ C and ±3.5% RH. However, the measurement 
point of the hydrometer was at the inlet of the chamber (Figure 2.17) and the chamber’s 
temperature and humidity sensor was installed at the outlet of the chamber (Figure 2.12). 
Controller screen 
 





2.7 Airflow Velocity Calibration 
 
Although the climatic chamber had an installed air flowmeter, an additional trash bag 
method was used to measure and calibrate the airflow rates and to compare the measured 
values with the results obtained from the chamber’s flowmeter [11]. 
  
National Renewable Energy Laboratory’s (NREL) trash bag method [11], measuring the 
airflow rates by using a 30-50 gallon bag, was further improved by Carrington et al [12]. 
Carrington et al [12], pointed out that the air leakage from the bag was one of the most 
important systematic errors, therefore the self-made polythene bag described in the 
literature was replaced with factory-made PVC balloon for this research. 4.1 m in length, 
1.2 m in diameter and 0.12 mm in thickness, manufactured for this research by 
Guangzhou Ifuntoys (Figure 2.18).  
 
 
Figure 2.18. 3.5 m in length, 1.2 m in diameter PVC balloon used for the air volume flow 
measurement. At the bottom picture balloon’s 20 cm inlet sleeve has been squeezed into 
its pocket to stop it deflating. 
Sleeve is inside 
of this pocket 
 





The bag was manufactured with an inlet, 150 mm in diameter. The size of the inlet was 
the same as the reactor’s and climatic chamber’s outlet duct diameter. Therefore, no 
additional adapters were needed to connect the bag to the reactor or the climatic chamber. 
The balloon was specifically manufactured with a sleeve, 20 cm in length, and 150 mm 
in diameter, at the inlet of the balloon as presented in Figure 2.19.  
 
 
Figure 2.19. Balloon sleeve utilized for connecting the balloon to the duct. 
 
The balloon was connected to the duct by sliding the sleeve through the duct then, taping 
it. The climatic chamber was set to the certain flow velocities between 2 m·s-1  ̶  5 m·s-1. 
After reaching the set airflow velocity the bag was attached to the chamber’s outlet and 
the stopwatch was started to measure the inflation time tinf. When the balloon was 
completely inflated, the sleeve was carefully squeezed to its pocket (Figure 2.18-bottom 
picture) to block the air from escaping the balloon, then the balloon was carefully placed 
on the ground avoiding the sharp surfaces. The balloon was then carefully deflated. The 
manufacturer calibrated the volume of the bag as 4.15 ± 0.01 m3 and the balloon’s volume 
was calculated as 4.18 ± 0.06 m3 as it is explained in detail in Appendix F. During the 
measurements, 4.15 m3 was considered as the actual volume of the balloon. The large 
inlet and outlet diameter of 15 cm were selected for the chamber, reactors and the balloon 
to avoid major pressure drops which would affect the accuracy of the airflow speed. 
 
For each volumetric airflow measurement, the balloon was inflated and deflated four 
times, the mean value of the test results was taken as an actual volume flow rate (V̇) as it 















Where, V̇ is the airflow rate in m3·s-1, V is the volume of the balloon in m3, ti1, ti2, ti3, ti4 are 
the balloon inflation time in seconds. 
 
Flow velocity (𝑣) was also calculated by dividing the volumetric flow rate with the inlet 
cross-sectional area (A), 𝑣 = V̇/A, to compare the measurement value with the flow 
velocity observed in the climatic chamber’s controller. For the comparison, the inlet 
cross-sectional area was taken as 0.018 m2 since the measurement in the climatic chamber 
was made at the center of the 150 mm diameter duct with a 0.018 m2 flow area.  
 
The difference between the set flow rates and the calculated values using the trash bag 
method was up to 40%. Thus, the airflow meter shown in Figure 2.20 was utilized to 
confirm the airflow velocity in the duct was actually the same as the set airflow velocity 
value. 
 












The airflow meter was calibrated by Fluke and was stated able to measure the air velocity 
in the duct with ± 2.5% accuracy [13]. It was utilized with pitot tubes to measure the 
velocity pressure within a duct. The air velocity is linearly correlated with the velocity 
pressure, generated by the moving air. Thus, a pitot tube was utilized (Figure 2.20) to 
measure the velocity pressure (VP) by differentiating the total pressure (TP) and the static 
pressure (SP), VP=TP-SP [14]. The airflow velocity was calculated by the airflow meter 
by using the measured pressure values. 
 
Airflow velocity was measured at the center of the duct in order to be compared with the 
measured values obtained by the climatic chamber’s airflow sensor, located at the center 
of the duct (Figure 2.12). The velocity was set to either 3 m·s-1 or 5 m·s-1 as they were the 
two different velocities utilized for the h/d tests. The airflow velocity at the center of the 
outlet duct was measured as illustrated in Figure 2.21. 
 
 
Figure 2.21. Airflow meter measuring 3 m·s-1 set airflow velocity in the 150 mm diameter 
duct. 
 
By pressing the “calculate the average” button, minimum, maximum, and the average 
Calculate average button 
Shows min. and max. 
values 
 




airflow velocity values were obtained. An example of the 3 m·s-1 set airflow velocity 
measurement is presented in Figure 2.22. 
 
 
Figure 2.22. Minimum, maximum, and average airflow velocity values obtained from the 
airflow meter by testing the set airflow velocity of 3 m·s-1.  
 
After letting the airflow meter measuring the airflow velocity for 10 minutes, maximum, 
minimum, and the average airflow velocities were calculated by the airflow meter. For 
the 3 m·s-1 set airflow velocity, a maximum of 3.061 m·s
-1, the minimum of 2.976 m·s-1 
and the average of 2.982 m·s-1 airflow velocity were measured. For the 5 m·s-1 set airflow 
velocity, a maximum of 5.084 m·s-1, the minimum of 4.983 m·s-1 and the average of 5.012 
m·s-1 airflow velocity were measured. Therefore, the difference between the measured 
values and the set values were in good agreement with less than 1% difference.  
 
By using the airflow meter, it was also possible to directly measure the volumetric airflow 
rates by selecting the duct type and the diameter. An example of measuring the volumetric 
airflow rate for the 3 m·s-1 set airflow velocity is presented in Figure 2.23. 
 






Figure 2.23. Volumetric airflow measurement with the airflow meter under the set airflow 
velocity of 3 m·s-1. 
 
2.8 Microscope Camera 
A microscope camera26 was used to capture the images from the surface of the pellets 
manufactured in our laboratory. This camera had a CMOS sensor and Bayer sensor (RGB 
color model), enabling 3072 × 2304 pixel full-color simultaneous image capturing from 
the samples. It also allowed shading and lighting adjustments with the additional lights 
attachments [15].  
 
2.9 Hydraulic Presses 
 
Two different hydraulic presses presented in Figure 2.24 were utilized to compress pellets 
at different compression pressures.  
 
                                                 
26 Leica DFC295 microscope camera. 
Selecting duct shape Selecting duct diameter Calculated volume flow 
 





Figure 2.24. Hydraulic press utilized to compress pellets at 1.3, 2.6, 3.9, 5.2 kN·mm-² on 
the left, and the hydraulic press utilized to compress pellets at 0.77 kN·mm-² on the right.  
 
One hydraulic press27 was utilized to compress pellets at 1.3, 2.6, 3.9, and 5.2 kN·mm-², 
and the other press28 was utilized to compress smaller pellets at 0.77 kN·mm-².  A die set 
was used for compressing 12 mm diameter pellets at 0.77 kN·mm-² as presented in Figure 
2.25. To compress pellets at higher pressures, hardened steel die set, capable of 
compressing pellets at up to 30 metric tons, was utilized as presented in Figure 2.26 [16].  
 
Figure 2.25. Aldrich macro-micro KBr pellet die set was utilized for compressing pellets 
in 12 mm diameter. 
 
                                                 
27 Perkin Elmer, BZ10123546 KBr hydraulic press. 











Figure 2.26. Across International hardened steel dry pressing die set was utilized for 
compressing pellets in 25 mm diameter. 
 
The core die was placed inside of the sleeve and the support plate was placed under the 
sleeve. After that, the sample was placed on top of the core die inside of the sleeve for 




297 microns, 420 microns, 595 microns, and 1 mm sieves were utilized to select the 
particle size of the materials utilized for manufacturing composite pellets. Sieves were 
utilized in pairs as it is illustrated in Figure 2.27. 
 
 
Figure 2.27. A pair of sieve: 595-micron sieve on top and 420-micron sieve at the bottom. 




Support plate Sleeve 
 




Particle size in between 595 microns and 420 microns were selected by using 595-micron 
sieve on top and 420-micron sieve at the bottom. Then, the sample was placed on top of 
the 595-micron sieve and the particles staying in between of those sieves were considered 
420   ̶ 595 microns in particle size.  
 
2.11 Thermogravimetric Analysis (TGA) 
 
Thermogravimetric analysis is a technique used in many fields of analytical chemistry 
and material science. Changes in the sample weight can be measured as a function of the 
temperature. Two different measurement methods; dynamic measurement, where a 
sample is heated at a constant heating rate, and isothermal measurement, where a sample 
is held at a constant temperature, can be used [17]. Both of the methods were utilized for 
the thermal characterizations of the samples. For the dynamic measurements, the samples 
were heated from 20˚C to 300 ˚C at a temperature increasing rate of 3 ˚C⋅min-1 without 
any N2 flow. For the isothermal tests, samples were heated from 20 ˚C to 80 ˚C at a 
temperature increasing rate of 3 ˚C⋅min-1 and held at 80 ˚C for 420 minutes.  
 
The Thermogravimetric analyzer29 utilized for this research had a stated measurement 
sensitivity of 0.1 µg, and ± 0.1% weighing accuracy. Isothermal temperature accuracy 
and the measurement precision were ±1˚C and ±0.1˚C respectively [18].  
 
Sample preparation is an important step for the TGA measurements. To avoid any effect 
of the sample mass in the measurement, the same sample weight was loaded to 100 μL 
platinum weighing pan every time. In addition, after each run, the weighing pan was 
cleaned with a brush to get rid of any residue remaining. The pan was then heated with a 
butane torch as presented in Figure 2.28 to make sure that no organic residues were 
present in the pan.  
                                                 
29 TA Instruments Q50 thermal analyzer 
 





Figure 2.28. Incinerating the sample pan to remove any possible residue left from the 
previous run.  
 
Before starting another run, the weighing pan was loaded to the analyzer and tared. After 
taring, the sample was placed inside of the weighing pan and then was placed on the 
loading arm. Loading steps are presented in Figure 2.29. 
 
 





Figure 2.29. TGA sample loading stages. No.1: Sample pan waiting on the loading arm 
to be loaded. No.2: Loading arm brings sample pan under the hook. No.3: Sample pan is 
hooked and the hook moves upwards to allow loading arm to go back to its initial position. 
No.4: Furnace is moving up. No.5: Furnace is closed and the test is started. 
 
2.12 Differential Scanning Calorimetry (DSC)  
 
Differential scanning calorimetry (DSC) measures the flow of energy in or out of the 
sample as it is heated, held isothermal, or cooled. The energy change is determined by 
comparing the heat flow between the sample pan and a reference pen and integrating it 












over time. The DSC device30 was a research-grade calorimeter with a cooling function, 
allowing an operation within the temperature range -180 ˚C ≤ Ttest  ≤ 725˚C with ±0.1˚C 
and ±0.01˚C accuracy and precision respectively. Measurement sensitivity was 0.2µW 
with ±0.05% precision and reproducibility [19].  
 
Two different DSC measurement techniques, “ramp” and “isothermal”, were used. DSC 
and TGA tests were made from 0.1 ˚C⋅min-1 to 5 ˚C⋅min-1 heating rate and of 5 ml⋅min-1 
to 40 ml⋅min-1 nitrogen flow rate in literature and we used 3 ˚C⋅min-1 and 20 ml⋅min-1 
nitrogen flow rate as average values, heating rates over 5 ˚C⋅min-1 were specifically 
avoided to prevent salt hydrates melting before dehydration  [20, 21, 22]. Using the 
ramping technique, the samples were heated from 0 ˚C to 300 ˚C at a temperature 
increasing rate of 3 ˚C⋅min-1 and a constant nitrogen flow rate of 20 ml⋅min-1. For the 
isothermal technique, 80 ˚C was used as an isothermal temperature as it is considered as 
a potential dehydration temperature for our THS system as it is described in Chapter-1. 
Temperature increasing rate of 3 ˚C⋅min-1 and N2 flow rate of 20 ml⋅min-1 were used in 
isothermal technique similar to the previous ramp method and the sample was held 
isothermal at 80 ˚C for 420 minutes.  
 
An encapsulating press, presented in Figure 2.30 was utilized to seal the sample.  
 
 
Figure 2.30. Encapsulating press. 
                                                 
30 Ta Instruments Q2000 differential scanning calorimeter. 
Encapsulated sample 
 





A 50 mg standard aluminum pan31 was utilized as a reference pan and a sample pan as 
presented in Figure 2.31. 
 
Figure 2.31. DSC furnace, showing reference and sample pan. 
 
A sample was filled inside of the sample pan and then encapsulated by using the sample 
press. After that, four 0.5 mm holes were punched on the lid of the pan to allow moisture 
to escape, which otherwise might cause an error at the heat flow recordings.  
 
2.13 Specific Heat Capacity Measurement 
 
DSC or modulated DSC (MDSC) tests can be used to make measurements of the sample’s 
heat capacity. Both DSC and MDSC techniques use a linear heating rate to measure the 
heat flow in and out of the sample. However, MDSC differs from DSC by having an 
additional sinusoidal or modulated heating rate allowing simultaneous measurement of 
the tested material’s heat capacity. Interoperation of the received signal from the MDSC 







+ f(T, t)  
(2.3) 
                                                 










Where dQ/dt is the total heat flow that occurred due to the fixed heating rate, Cp is the 
heat capacity component. dT/dt is the measured heating rate obtained from both linear 
and modulated components. F (T,t) is the heat flow’s kinetic component obtained from 
differentiating the total signal and heat capacity component [23]. 
 
In the MDSC method, the heat flow caused by the heat capacity is called reversing heat 
flow, which is the part of the total heat flow obtained from MDSC. Reversing heat flow 





. K𝑎  
(2.4) 
 
Where the Ka is the calibration constant for reversing Cp, heat flow amplitude and heating 
rate amplitudes are the total changes of heat flow and the heating rate that occurred due 
to the fixed modulation settings. Additionally, specific heat capacity can also be 
calculated from the traditional DSC measurements with the “displacement” and “area 
under the curve” techniques. In the displacement method, an empty pan is considered as 
a baseline at zero mW and displacement from the baseline can be calculated by heating 
the sample; the governing equation for the displacement technique is given in equation 
(2.5) [25].  
   
Cp  =
dQ







    
(2.5) 
Where dQ/dt (mW) is heat displacement, Ws is the sample’s mass (g),   is the heating 
rate and the Ka is the calibration constant obtained from the reference material’s 
calibration run made under the same running configuration. 
 
For the area under the curve method, the sample is heated at a certain heating rate and 
held isothermal for a period of time at a certain temperature to calculate the specific heat 
capacity at this isothermal temperature. The area under the heat flow peaks (J·g−1) at the 
 




isothermal step is multiplied by the calibration constant, Ka, which is calculated by 
dividing the specific heat capacity of reference material, Cp_r by the area under the onset 
and offset points (J·g−1) which was calculated numerically from the calibration run [22, 
25, 26]. The governing equation for the Ka is given below, 
 





)   (2.6) 
 
Specific heat capacity tests were conducted to investigate the effects of using different 
supportive materials in manufactured composite pellets. The “area under the curve” 
method was used for determining the specific heat capacity of the manufactured 
composite pellets. The sample was heated from 40 ˚C to 73 ˚C with 2 ˚C·min-1 heating 
rate and 20 ml⋅min-1 constant nitrogen flow rate and held isothermal at 60 ˚C and 70 ˚C 
for 5 minutes. Three different measurements were made for each sample to calculate the 
average area under the peaks. The baseline of the DSC chart was determined by running 
a DSC test with an empty sample pan and a reference pan. Baseline DSC measurements 
were made by using the same methodology (temperature profile) utilized for the specific 
heat capacity measurements. Slow heating rates of 2 ˚C·min-1 were preferred for the DSC 
tests to avoid any possible heat flow fluctuations on specific heat capacity measurements 
[25]. Aluminum, indium, and sapphire were utilized as reference materials to calculate 
the calibration constant, Ka. TA instrument calibration grade sapphire disks presented in 
Figure 2.32, utilized to calculate the calibration constant for the specific heat capacity 
measurement of the composite pellets. Additionally, aluminum (Sigma Aldrich, 
aluminum foil, thickness 0.25 mm, assay: 99.999% trace metals basis) and indium 
(indium foil, thickness 0.1 mm, ≥99.995% trace metals basis) were utilized. 
 
 





Figure 2.32. Tzero specific heat capacity sapphire calibration samples. Clear sample (on 
the left) and the red sample (on the right). 
Figure 2.33, Figure 2.34, and Figure 2.35 present the results of the calibration runs, the 
area under the heat flow curve is integrated by using the TA Universal Analysis software.   
 
 
Figure 2.33. Saphire specific heat capacity DSC calibration result. 
 
 





Figure 2.34. Aluminum specific heat capacity DSC calibration results. 
 
Figure 2.35. Indium specific heat capacity DSC calibration results. 
The average values obtained from the integrations from the above figures were utilized 
to calculate the calibration constant as presented in Table 2.4. Calibration constants 
calculated from sapphire and aluminum were in good agreement with each other. 
 


















 Ka  
at 60 ˚C 
 Ka  
at 70 ˚C 
Sapphire 9.381 8.28 0.84 [27] 0.86 [27] 0.09 0.103 
Aluminum 9.8 9.77 0.897* [28] 0.897* [28] 0.092 0.092 
Indium 4.2 4.48 0.233* [29] 0.233* [29] 0.055 0.052 
*Values in the literature are given at 25 ˚C taken as a reference due to being the closest 
available data to the specific heat capacity measurement temperature. 
  
2.14 Permeability Tests 
 
Permeability is the ability of liquid or gas to pass through a porous material. Samples 
generally have different permeability coefficients for different liquids or gases, and so is 
specific to the working fluid. Permeability can also change with temperature and pressure 
[30]. Making an accurate measurement of vapor mass flow requires a complex flowmeter 
design as they often need a density correction system, volumetric flow meter, and 
differential pressure measurement [31, 32]. N2 has a similar density and dynamic 
viscosity with air at atmospheric conditions therefore it was used as a working fluid in our 
permeability experiments [33, 34]. 
 
To measure the permeability of the composite pellets, we built a permeability test 









Figure 2.36 Experimental setup for permeability tests. 
 
Nitrogen gas was used at flow rates between 1 ml⋅min-1 to 6 ml⋅min-1 and the pressure 
drop of the nitrogen gas was measured to estimate the permeability of the samples using 
Darcy’s law [35, p. 58, 36] as follows 
 
Where: 
Kd = Darcien permeability coefficient, (m²). 
Ψ = flow rate (m³ /s).  
∆P= pressure difference, (Pa). 
L = flow length or thickness of the test sample, (m).  
A= area of cross-sectional to flow, (m²).  
μ = fluid viscosity, (Pa-s). 
 
The equation given in (2.7) is applicable in case of having a laminar flow through the 
porous medium. It is suggested to have a packed bed Reynolds number should be lower 
than 10 for this method in our case it was less than 5 at all flow rates [37]. Packed bad 
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𝑣 = Superficial fluid velocity, (m.s-1)  
ε= Porosity of the reactor bed, (-)  
d= Average spherical equivalent of particle diameter, (m), calculated by using sieves. 
μ = Fluid viscosity, (Pa-s) 
 
In the permeability test workbench, a rotameter (±5% accuracy [40]) was utilized to adjust 
the flow rate of nitrogen gas. As shown in Figure 2.36, a testing sample bed with a 
thickness of around 5 mm was connected with two identical IP68 connectors with an inner 
diameter of 25 mm and a length of 90 mm and a differential pressure gauge with ±0.02% 
accuracy was installed to the system to measure the pressure difference between the inlet 
of the gas at the left connector and the outlet of the gas at the right connector. Because of 
the relatively large diameter and the short length of the two connectors, the pressure drops 
of the nitrogen gas passing through the two connectors were thus ignored. The connection 
sections between the sample bed and the two connectors were sealed using a high vacuum 
leak sealant32. To further eliminate gas leaking, the whole system of the sample bed and 
the two connectors were wrapped using many layers of shrink wrap films which were 
sealed using a heat gun. The permeability of three samples was measured for each 
composite with the same chemical composition and the same applied pressure. Three tests 
were conducted for each sample at a specified flow rate of the nitrogen gas. Six different 
flow rates between 1 ml⋅min-1 and 6 ml⋅min-1 of the nitrogen gas were used for each 
sample. Thus, for one composite, a total of 54 measurements were conducted to get the 
fitted value of the permeability.  
 
 
                                                 
32 Glisseal HV, high vacuum quality vacuum grease. 
 




2.15 Porosity Tests 
 
Porosity can be defined as the percentage of the void space inside the porous medium. If 
the bulk volume of the material is denoted as V and the solid volume as Vs then, pore 











The porosity of the composite pellets was determined using the liquid displacement 
method [41]. Ethanol was used as a displacement fluid instead of the standard fluid of 
water since pure ethanol does not dissolve the salt hydrates in the composite pellets and 
it does not chemically react with the other ingredients in the pellets. Using the liquid 
displacement method, a sample of a known mass (ms in g) was placed in a graduated 
cylinder filled with liquid ethanol of known volume (V1e in ml) and known mass for 5 
minutes. Then the total volume (Ve+s in ml) of the ethanol and sample was recorded. After 
this step, the sample was removed from the graduated cylinder and the volume (V3e in 
ml) and the mass (in g) of the remaining ethanol were recorded. The process was repeated 
seven times for each sample and the porosities of three manufactured samples with the 
same chemical compositions and the same applied compression pressures were measured 
to verify the results. The porosity and the density of the samples were calculated 
according to the following equations, 
 
Porosity = (V1e − V3e)/(Ve+s − V3e) (2.10) 
Density =  ms/(Ve+s − V3e) (2.11) 
 
In order to get higher precision of measurements, V1e and V3e were calculated from the 
recorded masses of the ethanol using the known density of ethanol at that temperature, 








2.16 Thermal Conductivity and Thermal Diffusivity Tests 
 
Thermal conductivity can be defined as the ability to conduct heat. If we consider a 
conducting solid placed between the hot and cold object as in Figure 2.37, heat would 
flow from the hot side to the cold side at a certain rate through the conducting solid 
according to equation (2.12) in steady-state condition [43, p. 224].  
 
 












  is the heat flow rate (W). 
𝜆 is thermal conductivity (W⋅m-1⋅K-1). 
A is the cross-sectional area of the conducting solid (m2). 
L is the length of the heat-conducting solid (m). 
𝑇ℎ − 𝑇𝑐 is the temperature difference between the hot and cold objects (K). 
 
The heat flow rate is dependent on the thermal conductivity, cross-sectional area, and the 
length of the heat-conducting solid. The temperature of the heat-conducting solid will 
decrease, as the heat transfer from a hot source to cold source and temperature profile will 
occur faster or slower depending on the thermal diffusivity of the material. If heat needs 
to be conducted quickly in a short period of time, high thermal diffusivity is needed. 
Thermal diffusivity (𝛼) is depended on the thermal conductivity, density, and specific 







A Conducting solid        
 











Materials with higher density and lower thermal conductivity need a longer period of time 
to develop a steady temperature profile than the others. However, once the temperature 
profile is developed and the system has reached a steady-state condition, the heat 
conduction rate is depended on the thermal conductivity of the material rather than its 
thermal diffusivity. In equation (2.13), ρ. 𝐶𝑝 denotes the required heat to raise the 
temperature of the unit volume of the material by 1 ˚C, thermal conductivity illustrates 
how fast the heat is propagating and the thermal diffusivity shows how fast temperature 
is rising within the conducting material. Low diffusivity means material would need more 
energy to raise its unit volume temperature by 1 ̊ C, additionally, conducting material may 
conduct heat fast if it has high thermal conductivity however its own temperature will not 
be increasing as fast as it conducts heat. This phenomenon is only valid for unsteady heat 
transfer where a steady temperature profile has not been reached in the conducting 
material. 
 
A transient plane source method (TPS) was used to measure the thermal conductivity of 
the manufactured pellet. This method has been widely used in the literature to measure 
both thermal diffusivity and conductivity of solid materials having a thermal conductivity 
above 0.005 W⋅m-1⋅K-1 and below 300-500 W⋅m-1⋅K-1 [45, 46, 47]. This method is also 
referred as the Gustafsson method after one of the early pioneers of its use [48]. Based on 
the literature [49], thermochemical heat storage pellets (with ENG and C) were expected 
to have a low thermal conductivity in the range 0.5 W⋅m-1⋅K-1  λ 2.61 W⋅m-1⋅K-1 which 
is in the measurement range of TPS method. The device33 that was used for the thermal 
conductivity tests has a stated ±3% absolute accuracy and less than a 3% repeatability 
error [50]. Figure 2.38 presents the thermal conductivity measurement.  
 
                                                 
33 Xian Yima Optoelec DZDR-S transient plane source thermal conductivity meter. 
 





Figure 2.38. Thermal conductivity tests for thermochemical heat storage pellets. 
 
The TPS method operates based on sensitively recording thermal diffusion from the probe 
to the sample. The probe of the device presented in Figure 2.38 was placed in the middle 
of the sample to be tested, and the electric current passing through the probe increased 
the temperature of the probe and generated heat. This heat was then simultaneously 
diffused to the top and the bottom parts of the sample and the diffusion rate was dependent 
on the heat transfer characteristics of the material. The temperature and the response time 
of the probe is recorded, and the thermal conductivity of the material is calculated by 
using the equation given below [46], 
  
R(t) = R0[1 + ω{∆Ti + ∆Taverage(τ)}]  (2.14) 
 
Where; Ro is the initial resistance of the probe, ω is the temperature coefficient of 
resistivity, ∆Ti is the constant temperature difference in between the top and bottom 
insulation layers covering the nickel wire part of the sensor.  ∆Taverage is the temperature 
increase at the surface of the sample. 
 
 
2.17 Reactor Design 
For the reactor design, our motive was to design a reactor which is capable of providing 
a measurable difference at the inlet and outlet conditions, in other words, we aimed to 
build a system that would allow us to track the advancement in the h/d tests by analyzing 
the changes at the outlet temperature and relative humidity. A reaction chamber was 
utilized for the h/d tests of the three different reactor systems, namely, in-line tubular 
Probe 
 




reactor, staggered tubular reactor, and a packed bed reactor. In addition, a reactor shell 
was utilized for spiral reactor h/d tests. Our reactor was designed to accommodate as 
much as eight inline or tubular stacks, however, four stacks of the tubular reactor were 
enough to make measurable changes at the outlet temperature, therefore, we did not add 
any further stacks to the system. The effective volumetric ratio is the proportion of the 
heat storage medium to the reactor’s total volume. The inline tubular reactor, staggered 
tubular reactor, and spiral reactor used powdered SrBr2·6H2O (SBH) as a THS material 
and had the effective volumetric ratio of  0.34, 0.38, 0.57 respectively. Staggered tubular 
reactors and the spiral reactor were designed to increase the effective volumetric ratio of 
the inline reactor to store more THS material in the same reactor volume. Pellets 
manufactured with MgSO4·7H2O (MSH), activated carbon (C), and expanded natural 
graphite (ENG) was used in a fixed bed reactor system to investigate the pellets’ 
performance in dynamic tests. A detailed explanation of the pellets and their specifics are 
given in Chapter 3.  
 
2.17.1 Reaction Chamber 
 
A reaction chamber was designed to host reactors. Dimensions of the reaction chamber 











Figure 2.39. Reaction chamber, reactors can be fixed in-between the area highlighted with 
the blue color. Sensors’ positions are indicative only. 
 
 
Figure 2.40. Schematic of reactor outlet (top view). Measurements are given in mm. No.1: 
Reactor installment area. No.2: Foam insulation. No.3: Reaction chamber lid. 
 
Fourteen holes were drilled on the top of the reaction chamber for the sensor installments. 










Airstream direction (𝑣ҧ) 
30 cm 30 cm 










The lid of the reaction chamber was removable, allowing easy installation and removal 
of the reactors. The inside of the reaction chamber was insulated with the 19 mm thick 
ethylene propylene rubber insulation34 with thermal conductivity of 0.25 W·m-1·K-1 [51]. 
Outside of the reactor chamber was also insulated with polyethylene rubber sheets35 in 3 
mm thickness and 0.043 W·m-1·K-1 thermal conductivity [52]. Multiple layers of rubber 
insulation sheets35 were installed on the outside surfaces of the reactor chamber using 
high-temperature resistant silicon36. Additional propylene rubber insulation34 sheets were 
applied to the sides of the reactor installment area (blue area) to block the airflow through 
the gaps between the reactors and the reaction chamber during the tubular reactor h/d 
tests. Unlike the tubular reactors, the manufactured fixed bed reactor bed with pellets was 
designed to fit perfectly into the reaction chamber and no further modifications were 
required to fix it in place. The reaction chamber is presented in Figure 2.41. 
 
 
Figure 2.41. Reaction chamber. 
 
Six temperature and six humidity sensors of previously given specifics were installed at 
                                                 
34 Maxflex 19 mm standard flat sheet. 
35 RS Components LD45 polyethylene foam insulation sheet. 
36 Acc Silicones Silcoset 158 black silicone sealant. 
 
 




the inlet and outlet of the reaction chamber. Figure 2.42 presents the location of the 
sensors. 
 
Figure 2.42 Location of installed sensors at the inlet and outlet of the reaction chamber, 
units are given in mm. 
 
2.17.2 Spiral Reactor Shell 
A reactor shell in 15 mm inner diameter and in 18 mm outside diameter was manufactured 
to host the fixed bed spiral reactor. Figure 2.43 illustrates the size of the shell.  
 
 
Figure 2.43. The spiral reactor shell, the reactor can be fixed in the area highlighted with 










The reactor shell had five 10 mm holes at each side of the reactor for the sensor 
installments. Each hole allowed three sensor installment and the middle hole was used for 
the differential pressure sensor push-pull connector. The shell was insulated with 
polyethylene rubber sheets35 of 3 mm thickness as illustrated in Figure 2.44. 
 
 




Figure 2.45. Location of installed sensors, units are given in mm. 
 
Five humidity and five temperature sensors were installed at the inlet and outlet of the 
spiral reactor (Figure 2.45). Additionally, one pair of humidity and temperature sensors 
were installed inside the spiral reactor’s 2,5 cm (diameter) air inlet canal and another pair 
 




of humidity and temperature sensor was installed at the outside of the last roll of the spiral 
reactor where the airstream leaves the reactor. Figure 2.46 presents the image taken during 
the sensor installment. 
 
 
Figure 2.46. Installing sensors to the spiral reactor shell. 
 
2.17.3 Tubular Reactors 
 
The tubular reactors had a modular design and were able to be inserted and removed from 
the reaction chamber. Stainless steel mesh tubes37 in 0.06 mm nominal sieve opening, 8 
mm in diameter, and 50 mm in length as presented in Figure 2.47, were utilized. These 
tubular reactors were filled with SBH38, thermochemical heat storage medium. Mesh 




                                                 
37 Anping County Comesh Filter 0.06 mm 304 stainless steel mesh tube. 
38 Richest group strontium bromide hexahydrate in crystal and lump form, 99% assay. CAS Number 7789-53-9. 
Canal for the 
airstream inlet 
 





Figure 2.47. Size of the meshed tubes. Both sides of the tubes were open. 
 
 
Figure 2.48. Schematic of the top view of the tubular reactors. The staggered layout is 
presented on top and the in-line layout is presented on the bottom. Units are given in mm. 
 
For building a single reactor block, three plates and one mesh sheet were used as presented 
in Figure 2.49.  
Width 0.03mm 
Height 0.02 mm 
Diameter
8 mm 50 mm Thickness 
0.4 mm 
Staggered tubular reactor 
(top schematic) 
 
(18x4) + (19x4) = 148 tubes 
Inline tubular reactor (top 
schematic) 
 
19x7 = 133 tubes 
 





Figure 2.49. Three plates were used to build the tubular reactors, plate No.1 and No.3 
were used as bottom plates and the No.4 was used on top to support tubes. No.2, mesh 
sheet was used in-between No.1 and No.3. 
 
All the plates were the same size and had a thickness of 1.7 mm. A stainless steel mesh 
sheet with 305-micron opening was utilized in between the two of the bottom plates to 
protect SBH falling outside of the reactor. Four stacks of each layout were assembled as 
presented in Figure 2.50. 
  
 
Figure 2.50. Four stacks of tubular reactors, staggered layout presented on the left, and 
the inline layout presented on the right image. 












Reactor stacks were labeled according to their position in the reaction chamber. Top left, 
top right, bottom left, bottom right stacks were labeled as TL, TR, BL, and BR 
respectively. The airstream flow direction was from left to right. Each stack’s mass was 
measured several times during the cyclic h/d tests. Additionally, five tubes located in the 
middle of each side of the stack and the one in the middle were selected as reference tubes 




Figure 2.51. Five reference tubes were selected for staggered reactors on the left and the 
inline reactors on the right. 
 
Mass changes of the reference tubes were also measured to investigate the difference at 
the hydration and dehydration rates within the stacks. The bottom of the reference tubes 
was covered to keep the chemicals inside as shown in Figure 2.52. 
 
 


















A stainless steel mesh sheet with a 305-micron opening was cut in the proper size and 
was glued to the reference tubes using metal bonding epoxy adhesive to cover the bottom 
of the tubes, this is done to close the one side of the tubes in order to prevent chemicals 
to fall down once they are removed from their stacks. Each reference tube was removed 
from the reactor stack for the mass measurement during the h/d cyclic tests. It was then 
inserted back to their original place to continue to the cyclic tests. Table 2.5 presents the 
volumetric calculations made for the tubular reactors. 
 
Table 2.5. Dimensions and the volumes of the tubular reactors and their components. 
Definition Amount Dimensions Total volume (m3) 
Metal plate 3 Length (mm) 229 99.27 ×  10−6 m3 
 
Width (mm) 85 
Height (mm) 1.7 
Meshed 
Tubes 
Staggered (148) Height (mm) 50 371.96 × 10−6 𝑚3 
Diameter (mm) 8 
Inline (133) Height (mm) 50 334.27 × 10−6 𝑚3 




4 Length (mm) 229 3.893 × 10−3 𝑚3 
 
Width (mm) 85 








371.96 × 10−6 𝑚3 1.4878 × 10−3𝑚3 
Inline (4 stacks) Volume (per 
reactor) 
334.27 × 10−6 𝑚3 1.337 × 10−3 𝑚3 
 
The effective volumetric storage ratio was 0.38, 0.34 for staggered and inline tubular 
reactors respectively.  
 




Table 2.6 and Table 2.7 presents the masses of each stack and the selected reference tubes. 
Table 2.6. Masses of each stack utilized for tubular reactors. 







TL 1089.93 330.08 0.30 
TR 1091.77 337.63 0.31 
BL 1106.26 348.4 0.31 




TL 1059.42 383.71 0.36 
TR 1041.38 365.91 0.35 
BL 1043.32 367.3 0.35 
BR 1049.49 375.61 0.36 
 












































TL 3.9073 2.2073 3.9461 2.2946 4.1669 2.4773 4.013 2.3553 4.055 2.388 
TR 4.1675 2.4284 4.1263 2.3868 4.0784 2.4284 3.9184 2.2544 4.1238 2.4526 
BL 4 2.3214 3.9067 2.2472 4.1048 2.3901 4.1588 2.4778 4.041 2.319 




TL 4.3922 2.7057 4.3463 2.6725 4.2273 2.5564 4.3473 2.6791 4.2702 2.6125 
TR 4.2316 2.5351 4.4144 2.7078 3.9299 2.2496 4.3035 2.5907 4.284 2.6196 
BL 4.3119 2.6219 4.056 2.3014 4.1785 2.4983 4.2609 2.5937 4.1129 2.4369 
BR 4.028 2.378 4.1154 2.4337 4.3983 2.6929 4.1635 2.4821 4.2313 2.5484 
 
2.17.4 Fixed Bed Reactor with THS Pellets 
 
The reaction chamber was also utilized for the cyclic tests of the fixed bed reactors. A 
fixed bed reactor was designed to perfectly fit the reactor chamber in order to be removed 
and inserted easily and to prevent airstream passing through the sides of the reactor. 
Figure 2.53 presents a schematic of the fixed bed reactor.  
 





Figure 2.53. Schematic of the fixed bed reactor utilized for the pellets. The side plate is 
presented on top and the front view is presented at the bottom. Units are given in cm. 
Two stainless steel plates, 36 cm in length, 10 cm in height, and 1 cm in thickness were 
attached together by installing four stainless tubes, 1 cm in diameter and 36 cm in length, 
at the corners of the plates.  Two plywood plates, 0.2 cm in thickness were covered with 
aluminum foil tape then utilized as a shelf for the reactor. Figure 2.54 presents the side 
and front view of the reactor filled with the THS pellets. Figure 2.55 presents the top view 










Figure 2.54. The fixed bad reactor, 24 cm in width, 36 cm in length and 10 cm in height. 




Figure 2.55. Fixed bed reactor top view. Before (left) and after (right) covering the reactor 
with the mesh sheets. Pellets labeled with the numbers are the reference pellets. 
 
Five reference pellets were selected from the different parts of the reactor to investigate 
the possible difference at the reaction rates. Selected pellets were labeled numerically as 
presented in Figure 2.55 where the pellet No.1 was being one of the first pellets facing 
the airstream in the reactor. The masses of the reference pellets were measured 
individually, and also together with the rest of the reactor, during the hydration and 
dehydration tests. Five reference pellets were covered with the nylon mesh sheets39 in 
order not to have any inaccuracy at the mass measurement due to the possibility of the 
                                                 
39 Shanghai Shangshai Bolting Cloth Manufacturing 25 micron nylon mesh. 
1 








pellets crumbling and losing mass (Figure 2.56). 
 
 
Figure 2.56. Reference pellets after being covered with nylon mesh. 
 
Pellets were installed at 8 x 8 x 2 inline configuration on the top shelf and 8 x 10 x 3 inline 
configuration on the bottom shelf, making a total of 368 pellets. The weight of the pellets 
altogether was 3.37 kg. The weight of the entire reactor was 5.534 kg, thus the effective 
mass ratio was 0.6.  
 
The total volume of the reactor was 8.64 x 10-3 m3 (0.1 m x 0.24 m x 0.36 m) and the 
volume of the single pellet was 7.608 x 10-6 m3, thus, the total volume of the heat storage 
medium was 2.799 x 10-3 m3 and the effective volumetric storage ratio was 0.32. This 
ratio neglects any expansion occurring at the pellet’s volume during the dehydration 
cycle. 
 
2.17.5 Spiral Reactor 
 
For the assembly of the spiral reactor, nylon mesh sheets35 in 25-micron mesh were 
utilized to fix SBH inside of the reactor. A grey silicone foam double-sided tape40 in 6.4 
mm thickness was used to create a canal to be filled with SBH. A white polyurethane 
foam tape41  in 1.6 mm thickness was used as a separator to create an air canal in between 
the rolls. Figure 2.57 shows the above-mentioned components and Figure 2.58 shows the 
base layer of the spiral reactor. 
                                                 
40 RS PRO Silicone foam double sided tape, 6.4 mm in thickness, 20 mm in width. 
41 3M 4016 white PUR foam double sided tape, 1.6 mm in thickness, 19 mm in width.  
 







Figure 2.57.  Nylon mesh sheet on the left. Tapes on the right. 
 
 
Figure 2.58. Schematic of the spiral reactor base layer. Units are given in mm. 
Firstly two mesh sheets were cut in 213 cm in length and 15 cm in width to perfectly fit 
the spiral reactor shell in 15 cm diameter. Then, a 213 cm long silicone foam tape40 was 
installed at each end of the bottom mesh sheet. A second mesh sheet was glued to the 
foam tape and the gap between the two mesh sheets was filled with SBH. Lastly, double-
sided foam tape41 was installed at the top of the top mesh sheet to create the air canal for 
the spiral reactor. Figure 2.59 presents the preparation steps of the spiral reactor. 
 
 





 Figure 2.59. Spiral reactor preparation steps. No.1: Base layer preparation, No.2: Rolling 
the base layer, No.3: Reactor, after being rolled, No: 4 After installation to its shell.  
 
To fill the SBH into the base layer, one side of the base layer was fixed with the aluminum 
tape42 as presented in Figure 2.59 (No.1). Then, SBH was filled from the second side. 
After fixing the second side with the aluminum tape, the base layer was rolled with the 
help of a PVC tube in a 2 cm diameter. Subsequently, the spiral reactor was installed to 
its shell. 
 
The last step was the plastic coating of the spiral reactor to ensure that the airstream only 
passed through the designated air canal. Rubber coating aerosol spray43 was used for 
                                                 
42  Aircon Flange HVAC premium grade, reinforced aluminium foil tape 72 mm in width. 









plastic coating the inlet and the outlet of the reactor. Figure 2.60 presents the spiral reactor 
after the plastic coating. 
 
 
Figure 2.60. Spiral reactor after the assembly, outlet view on the left, and the inlet view 
on the right. 
 
Several layers of the plastic coating were applied for sealing the sides of the reactor at the 
inlet and outlet. After each coating application, the reactor was left under direct sun for 
an hour to generate adhesive bonds. After completing the plastic coating, sensors were 
installed to the reactor and the reactor was fixed at the workbench as presented in Figure 
2.61. Figure 2.62 presents the 3D illustration of the spiral reactor. 
 
 
Figure 2.61. Spiral reactor after duct connection. No.1: Spiral reactor, No.2: Inlet duct, 
No.3: Outlet duct, No.4: Electronic balance, No.5: Data logging device. 
Airstream outlet Airstream inlet 











Figure 2.62. 3D illustration of the spiral reactor. 
 
The spiral reactor design was inspired by a spiral plate heat exchanger system [53]. 
However, instead of using fixed plates, a nylon mesh sheet was used to allow direct 
contact between the salt molecules and the airstream. This allows an additional mass 
transfer between the airstream and the SBH molecules, whereas in the spiral plate heat 
exchanger design only a heat transfer is possible [53, 54]. The spiral reactor’s central hole 
was 2 cm in diameter and 15 cm in length. The airstream entered into the reactor through 
the central hole and the water molecules leaving the SBH were expected to be siphoned 
outside of the reactor with this canal during the dehydration cycle.  
Airstream 
Airstream 
SBH in between mesh sheets 
Air canal 
Front view 
Left perspective view 
Right perspective view 
 





Given the fact that the open roll length of the reactor was 213 cm and the width was 11 
cm, the total surface area of the single mesh sheet was 0.234 m2. Since two mesh sheets 
were utilized in the reactor and the innermost and the outmost layers of the spiral reactor 
were also facing the airstream, the total surface area of the heat storage medium was twice 
the area of the single mesh sheet, 0.469 m2. The total thickness of each layer was 8 mm, 
and 80% of the total thickness was allocated to the THSS media to increase the volumetric 
storage capacity. Since the singe mesh sheet area was 0.2343 m2 and the thickness of the 
canal storing the chemicals was 6.4 mm, the total heat storage volume was 1.499 x 10-3 
m3. The total volume of the reactor was 2.65 x 10-3 m3 thus, the effective volumetric 
storage ratio was 0.57. The total mass of the reactor was 3.916 kg and the mass of the 
SBH was 2.337 kg, which makes the effective mass ratio of the spiral reactor 0.6. 
 
2.18 Hydration and Dehydration Tests 
 
Two different hydration and dehydration tests, static and dynamic, were conducted. 
During the static tests, pellets were kept in certain climatic conditions without any airflow. 
On the other hand, dynamic tests were made with the airstream flowing through the 
sample at a certain velocity. Different instrumentation was utilized for static and dynamic 
tests. Static tests were made for the material characterizations and the dynamic tests were 
made for the assessment of the reactor scale performance. 
 
2.18.1 Static Hydration and Dehydration Tests 
 
For the static hydration tests, a hydration system is prepared as presented in Figure 2.63.  
 





Figure 2.63. The system utilized for the static hydration tests. 
 
A 1500 ml beaker filled with 75-100 ml of distilled water then, the samples were placed 
inside of the beaker and the prepared lid was closed. By doing that, a microenvironment 
was generated and the humidity and the temperature of the system were measured using 









Figure 2.64. Sanyo MOV-212F convection oven on the left utilized for the dehydration 
tests and drying the solvent in the mixes on the right. 
 




The convection oven (Figure 2.64), was able to operate over a temperature of 5 ˚C  ̶  200 
˚C with the inside temperature distribution difference of ±4 ˚C [55].  The oven was 
utilized for both dehydration tests at 85 ̊ C and drying the solvent of the prepared mixtures 
at 30 ˚C.  The material development and the number of the cyclic tests conducted at each 
phase are explained in Chapter 3. 
 
2.18.2 Dynamic Hydration and Dehydration Tests 
 
Dynamic hydration and dehydration tests were made using the climatic chamber and the 




Figure 2.65. Schematic of the open system utilized for dynamic h/d tests. 
 
During the hydration cycle, the untreated air went through the air conditioner25 cooled 
down to 10 ˚C then passed to the climatic chamber to be further cooled down and 
Outlet 
Reaction Chamber 
X ⋅ (𝑎)H2O + (𝑏)H2O 
Climatic Chamber 










conditioned to the set humidity. After that, the airstream left the climatic chamber at the 
set flow speed and after passing through the reactor it was exhausted to the open air. 
During the dehydration cycle, the heat pump was used in a dehumidifier mode and then 
the dehumidified air was further conditioned in the climatic chamber for the dehydration 
cycle. Set parameters of hydration and dehydration tests are given in Table 2.8. 
 
Table 2.8. Set parameters of the hydration and the dehydration cycle. 
Parameters 
Cycle Reaction Temperature (˚C) Relative humidity (%) Flow rate (m/s) 
1st  Dehydration 80 10 5 
Hydration 5 80 5 
2nd  Dehydration 80 10 3 
Hydration 5 80 3 
3rd  Dehydration 70 15 3 
Hydration 10 75 3 
4th  Dehydration 70 15 5 
Hydration 10 75 5 
 
For the inline and the staggered reactors, 4 cycles were made in accordance with Table 
2.8. The spiral reactor and the fixed bed reactor with the pellets went through two cycles 
due to significantly longer hydration and dehydration times compared to other reactor 
types. Detailed operation conditions are presented in Chapter 3. Governing equations used 
to calculate the properties of working fluid (airstream) is given in Appendix G.  
 
The hydration and dehydration conditions used were determined by considering New 
Zealand's climatic conditions. Figure 2.66 and Figure 2.67 presents the climatic 





    
 






Figure 2.66. Mean relative humidity and mean temperature in major NZ cities in between 
1981-2010. Raw data were obtained from NIWA [56]. 
 
As presented in Figure 2.66, the mean temperature in NZ was always over 5 ̊ C from 1981 
to 2010 and the mean relative humidity was between 75% to 85%. Therefore 5 ˚C, 80% 
RH, and 10 ˚C, 75% RH was selected as a potential discharging condition. 
 
 
Figure 2.67. Average low temperature and sunshine hours in major NZ cities in between 
1981-2010. Raw data were obtained from NIWA [56]. 
 
The average low temperature was also over 3 ˚C during the potential discharging period 
(Figure 2.67). Additionally, with around more than 100 sunshine hours per month, NZ 
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during the winter months. 
 
2.19 Error Propagation 
 
Governing equations for the error propagation, which is used for the uncertainty 
calculations in all presented experimental data, are given in this section. 
 
If the N number of the repeated experiments were made and each time the same x quantity 
was recorded the best estimate for the quantity would be their mean value x . The standard 
deviation of the mean (σx) can be given by the expression [57, p. 102], 
 




Where σx is the standard deviation which can be expressed as in (2.16) [57, p. 100]. 
 
σx =  √
1
N − 1
 ∑(xi − x)2 
(2.16) 
If we insert the (2.15) into the equation (2.16), the standard deviation of the mean can be 
expressed by the following equation 
 
σx =  
√ 1






After calculating the standard deviation of the corresponding measurement x quantity can 
be illustrated as x + σx [57]. In case of knowing the measurement error of the 
experimental instrument,  (xi − x) shall be replaced with the measured quantity xi and the 
measurement error.  
 
During the tests, the uncertainty of the functions was also calculated. If the function has 
multiple variables (x,…,z), which has been measured with the defined uncertainties 
 




(δx,…, δz) to compute the uncertainty of function, following uncertainty equation given 














Where δy is the uncertainty of the function due to the partial uncertainty of the variables. 
Moreover, the equation above can be re-written as in (2.19)  
 








Where δxi denotes the partial uncertainty of the corresponding measured quantity xi. 
  
Temperature and humidity sensors utilized in this research had the linear calibration 
equations in the form of y = mx + c having three different variables m, x, and c, where 
m and c are the true values of the slope and intercept and x and y, are the measured values.  




















Where δx denotes the uncertainty of the measuring device, δm, and δC is the random 
error associated with the variables m and c which can be expressed as in (2.21) and (2.24) 









, (n > 2) 
(2.21) 
 
Where n is the number of samples and di
  denotes the residuals of the function as in (2.22) 
[42, p. 31] and the quantity D can be expressed as in (2.23) [42, p. 32]. 
 
 




𝑑𝑖 =  𝑦𝑖 − 𝑚𝑥𝑖 − 𝑐 (2.22) 
 






























AC Alternative current 
ASHRAE The American Society of Heating, Refrigerating and Air 
Conditioning Engineers (ASHRAE) 
C Activated carbon 
CMOS Complementary metal-oxide-semiconductor 
DC Direct current 
DSC Differential scanning calorimetry 
ENG Expanded natural graphite 
h/d Hydration and dehydration 
HVAC Heating, ventilation, and air conditioning 
MSH Magnesium sulphate heptahydrate 
NREL National Renewable Energy Laboratory  
RGB Red, green, blue 
RH Relative humidity (%) 
SBH Strontium bromide hexahydrate    
smps Switch-mode power supply 
TGA Thermogravimetric analysis 
TPS Transient plane source method  
 
Roman and Greek symbols 
Symbol Definition (Units) 
A Area (m2) 
I Current (Ampere) 
Ka Calibration constant (K
-1) 
K Kelvin 
m Mass (g) 
N Number of the repeat experiments 
 




P Pressure (inH2O, Pa or mbar) 
Q Heat flow (mW) 
t Time (s) 
v Airflow velocity (m·s-1) 
V Volume (m3) 
V̇ Volumetric airflow rate (m3·h-1) 
α Thermal diffusivity (m2·s-1) 
λ Thermal conductivity (W⋅m-1⋅K-1) 
Λ Thickness (mm) 
ω Temperature coefficient of resistivity (˚C-1) 
σx Standard deviation 
x Mean value 
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3 Material Development Results and Discussions 
 
In order to investigate the potential of thermochemical heat storage materials to be utilized 
in a domestic heat storage systems, MgSO4⋅7H2O (MSH) and SrBr2⋅6H2O (SBH) were 
selected due to their high energy storage density and suitability to our h/d conditions. 
Several granular supportive materials such as expanded natural graphite (ENG), activated 
carbon (C), and hydrophilic materials like celite were used to hopefully create structurally 
stable pellets that show no major geometrical change, or deliquescence throughout the 
h/d cyclic tests.  
 
Specific heat capacity, permeability, porosity, thermal conductivity, and thermal (DSC-
TGA) characterizations of the pellets were made initially and after each cyclic test to 
analyze the changes in the pellet properties and the heat storage capacity of the chemicals. 
Pellets went through a 10 cycle hydration and dehydration tests to investigate the 
performance of each composite. TGA and DSC measurements were also conducted after 
each cycle to determine any possible chemical changes and the extent of the h/d reactions.  
 
The problem of deliquescence was considered to be one of the major drawbacks of 
previously reported materials, as it causes the salt hydrates to leak outside of the reactor 
bed, forming a non-permeable layer in the reactor thus effecting the reaction [1, 2, 3].  
Initially, in order to solve this problem, pellets made of powdered MgSO4⋅7H2O (MSH) 
and SrBr2⋅6H2O (SBH) with supportive materials such as activated carbon and/or 
expanded natural graphite added into pellet mixture to create more geometrically stable 
pellets. To improve the stability even further, additional supportive materials were looked 
at including celite, molecular sieves, and nanoclays. 
 
3.1 Material Development  
 
A range of pellets were manufactured to be tested as potential thermochemical heat 
storage (THS) materials. Initially, pellets were prepared by using only salt hydrates (i.e. 
pure MSH and SBH) at different compression pressures for the first phase of material 
development. MSH and SBH are not toxic, flammable, or explosive, and show excellent 




reversibility in moisture uptake [4]. The relevant properties of MSH and SBH are listed 
in Table 3.1. It is difficult to completely dehydrate SBH at low temperatures and needs 
around 180 ˚C to completely dry SBH [5]. Therefore, the literature focuses on the first 5 
molecules of water removed from the SBH as presented in Table 3.1.  The melting 
temperatures of anhydrous MgSO4 and SrBr2, which are not shown in Table 3.1, are 1124 
˚C [6] and 643 ˚C [7] respectively.  
 














MgSO4·7H2O + heat 
↔ MgSO4 + 7H2O  
246.5 [8] 1680 [8] 1671 [8] 49.2 [9] 80-180 [10] 
SrBr2·6H2O + heat ↔ 
SrBr2·1H2O + 5H2O  
355.5 [11, 
5]  
2390 [11] 814 [8] 88.6 [11] 3000-4000 [12] 
1The enthalpy per kilogram (enthalpy of fusion) was calculated by dividing the enthalpy per mole by the 
molecular weight of the hydrated salt. 
 
As shown in Table 3.1, MSH has a potentially higher enthalpy of fusion than SBH 
depending on the degree of dehydration, which could provide higher energy storage 
density when utilized in a reactor. SBH is denser, so the difference is much smaller when 
measured in a volumetric sense. SBH is favored over MSH with a higher melting 
temperature which means that it will not liquefy in a reactor so readily. However, MSH 
has a large price advantage and it is significantly cheaper than SBH.  A key challenge is 
to stop MSH melting or deliquescing and combining it with other materials. 
 
After the first tests with pure salt hydrates, MSH and SBH were mixed with either 
activated carbon (C) (Sigma Aldrich, Draco, 20-40 mesh particle size, granular) or 
expanded natural graphite (ENG) (Sigma Aldrich, C24(HSO4)(H2SO4)2, +50 mesh size 
flakes) to investigate their individual suitability as a THS supportive medium. Initial 
compression was done at 0.77 kN⋅mm−2 which was the limit of the small press available. 
Due to the promising results obtained from these pellets, new composite samples were 
tested with both ENG and C in varying ratios. These pellets were manufactured under 
higher compression pressures of 1.3, 2.6, 3.9, 5.2 kN⋅mm−2, once a larger hydraulic press 




was sourced. In the last material development phase, other hydrophilic supportive 
materials such as celite (CE) (Sigma Aldrich, Celite S, diatomaceous silica powder), 
fumed silica (FS) (Sigma Aldrich, S5130 fumed silica powder), nanoclay (N) (Sigma 
Aldrich, nanoclay, hydrophilic bentonite powder, particle size ≤25 μm) and magnesium 
trisilicate (MT) (Spectrum, MA140, magnesium trisilicate anhydrous powder) were 
included in the composite mixture either alone, or together with additional granular 
supportive materials such as molecular sieves (S) (Sigma Aldrich, molecular sieves, 4 Å, 
beads, 4-8 mesh), amberlyst (A) (Sigma Aldrich, Supelco, amberlyst A21 free base, 
styrene divinylbenzene (macroporous), 22-30 mesh particle size), activated carbon, or 
expanded natural graphite.  
 
The pellets were first characterized by thermogravimetric analysis (TGA) and differential 
scanning calorimetry tests (DSC) in order to understand their mass change and enthalpy 
of fusion during the dehydration cycle. Then, cyclic hydration/dehydration tests, 
permeability, thermal conductivity, porosity, and specific heat capacity tests were 
performed to evaluate their performance in a real reactor. 
 
3.1.1 Material Development 1st Phase 
 
In the first phase of material developments, MSH and SBH were used without further 
purification and compressed at pressures of 0.77, 1.3, 2.6, 3.9, 5.2 kN⋅mm−2. Figure 3.1 
shows some of the SBH and MSH pellets.  
 
 
Figure 3.1. (A) 10 g in a mass of pure SrBr2⋅6H2O, 25 mm in diameter, 8.5 mm in 
thickness, 5.2 kN⋅mm-2 compression pressure. (B) 0.3 g in a mass of pure SrBr2⋅6H2O, 




12 mm in diameter, 1.68 mm in thickness, 0.77 kN⋅mm-2 compression pressure. (C) 0.3 
g in a mass of pure MgSO4⋅7H2O, 12 mm in diameter, 2.45 mm in thickness,   0.77 
kN⋅mm-2 compression pressure. (D) 10 g in a mass of pure MgSO4⋅7H2O, 25 mm in 
diameter, 12.5 mm in thickness, 5.2 kN⋅mm-2 compression pressure. 
 
3.1.2 Material Development 2nd Phase 
 
Activated carbon, is a form of adsorbent carbon derived from carbonaceous materials. 
Expandable graphite is a synthesized intercalation compound of graphite, it is produced 
from the naturally occurring mineral graphite that expands or exfoliates when heated and 
turns into ENG. C and ENG were individually used in previous researches and 
acknowledged as good materials to increase the water uptake, help to solve the 
deliquescence, and providing a durable porous structure for the heat-storing materials [13, 
14, 15].  C and ENG are regarded as non-toxic, though are flammable [16, 17, 18]. Table 
3.2 presents the Brunauer-Emmett-Teller (BET) surface area, thermal conductivity, and 
void fraction of C and ENG. 
 
Table 3.2. Selected properties of activated carbon and ENG. 




Void Fraction (%) 
ENG 20-150 [19] 3-10 [20] 0.53-0.54 [21] 
Activated carbon 1926-2636 [22, 23] 0.3-0.63 [24] 0.56 [25] 
 
Initially, C and ENG were selected among other supportive materials because they are 
well-studied and they showed more likelihood to enhance the composite properties. As 
shown in Table 3.2, activated carbon has a high BET surface area and was used to attempt 
to increase the overall surface area of the THS pellets. ENG was used to enhance the 
thermal conductivity in the composite mixtures. Also, C and ENG were used together to 
hopefully prevent the geometrical changes occurring in SBH or MSH pellets.  
 
Expandable graphite was required to be expanded before utilization, and a 1:123 
volumetric expansion ratio was achieved by heating the expandable graphite from room 
temperature to 300 ˚C at a heating rate of 10 ˚C⋅min-1 using an oven. After reaching 300 




˚C, the ENG was at 300 ˚C for 180 minutes. Activated carbon was also heated at 120 ˚C 
for 90 minutes in a pre-heated oven to remove any possible water present in the material. 
Figure 3.2 presents the expandable graphite before and after expansion.  
 
 
Figure 3.2. Expandable natural graphite before (left) and after (right) expansion. 
 
Figure 3.3 shows the main manufacturing process for making the composite THSS 
pellets. Firstly, saturated salt hydrate solutions were prepared by mixing salt hydrates and 
distilled water with a 1:1 mass ratio, the solution was then stirred at 25 ˚C and 300 rpm 
for 2 hours. The salt solution was soaked into ENG and/or activated carbon then stirred 
at 25 ˚C and 300 rpm for 120 minutes. Excess water was removed by keeping the mixture 
at 30 ˚C in an oven for 48 hours. Salt hydrates need over 40 ˚C to start dehydrating, 
therefore the samples being prepared were still hydrated [5]. To prevent small lumps 
being generated, the mixture being dried was stirred with a spatula every 2 hours during 
the solvent evaporation. Before the pellet preparation step, visual checks were made to 
make sure of the homogeneity of the mixture. The dried mixture was then ground using 
a mortar and a pestle. The particle size was found to be between 0.3 - 1 mm by using 
various sized sieves. The mixture was then compressed with a hydraulic press in a die to 
produce the pellets. Two hydraulic presses were used in this study. One hydraulic press 
with a 12 mm cylindrical dry pressing die set was used for providing a 770 N⋅mm-² 
compression pressure and another hydraulic press with a 25 mm diameter dry pressing 
die set was utilized to compress pellets at a 1.3, 2.6, 3.9 and 5.2 kN⋅mm-² compression 
pressure. Pure salt hydrate pellets were also manufactured at five different compression 
pressures, 0.77, 1.3, 2.6, 3.9, and 5.2 kN⋅mm-². Figure 3.4 presents the sample during the 
solvent evaporation process and after the pellet manufacturing.  
 









Figure 3.4. On the left, mixture during the drying process. On the right, SBH/C (2.4) 
pellet, 0.3 g in a mass, 12 mm in diameter, 1.6 mm in thickness, 0.77 kN⋅mm-2 
compression pressure. 
 
As shown in Figure 3.4 during the solvent evaporation process, the mixture’s surface 
often dried first, forming lumps and thickened layers, and so mixing it with the spatula 
was necessary to accelerate the evaporation process and prevent the formation of big 
lumps.   
 
Pellets utilizing only activated carbon (represented by C) or ENG (denoted by G) were 
prepared under a 0.77 kN⋅mm-² compression pressure and are labeled as MSH/C (1.6), 
(1.8), (2.1), (2.4), MSH/G (1.6), (1.8), (2.1), (2.4), SBH/C (1.6), (1.8), (2.1), (2.4), SBH/G 
(1.6), (1.8), (2.1), (2.4), etc. The mass of activated carbon or ENG in grams is stated in 




parenthesis for 1 g of the salt hydrate. For example, pellets having 2.4 g of activated 
carbon and 1 g of SrBr2⋅6H2O are marked as SBH/C (2.4), where C represents activated 
carbon, and its weight proportion is given in parenthesis. Figure 3.5 presents microscopy 
images of the MSH/G (2.4) and MSH/C (2.4) powders after the solvent evaporation 
process where crystallization of the MSH on the activated carbon granules are visible. 
Figure 3.6 presents the images of some of the manufactured pellets. 
 
 
Figure 3.5. Optical microscope image of the MSH/G (2.4) powder on the left, MSH/C 





Figure 3.6. Optical micrographs of compressed mixtures. (A) MSH/G (2.4), 12 mm in 
diameter, 6.3 mm in thickness, 0.77 kN⋅mm-2 compression pressure. (B) 0.3 g in a mass 
of MSH/C (2.4), 12 mm in diameter, 2.8 mm in thickness, 0.77 kN⋅mm-2 compression 
 




pressure. (C) 0.3 g in a mass of SBH/G (2.4), 12 mm in diameter, 5.2 mm in thickness, 
0.77 kN⋅mm-2 compression pressure. (D) 0.3 g in a mass of SBH/C (2.4), 12 mm in 
diameter, 1.6 mm in thickness, 0.77 kN⋅mm-2 compression pressure. 
 
Pellets only supported with activated carbon showed a brittle structure and the edges of 
those pellets often ended up being rough (as shown in Figure 3.6-B), which suggested 
that these would not hold up during the hydration-dehydration cycles. 
 
3.1.3 Material Development 3rd Phase 
 
Utilizing both activated carbon and ENG together in the pellet and increasing the 
compression pressure were used to enhance the geometrical stability of the pellets. Pellets 
utilizing both activated carbon and ENG, manufactured in 12 mm diameter under 0.77 
kN⋅mm-² compression pressure are marked with 12 at the end of the sample name to 
denote the sample diameter, such as MSH/G+C (0.4:1)-12 where there are 0.4 g ENG (G) 
and 1 g activated carbon (C) for 4.2 g MSH, making a salt hydrate content of 75% w/w. 
All other pellets were 25 mm in diameter and were made at higher pressures stated above 
and also made with a fixed salt hydrate content of 75% w/w. For these samples, mass 
ratios of the activated carbon and ENG are also stated in parenthesis. For example, 
samples labeled as MSH/G+C (1:1) have equal masses of 1 g ENG and 1 g activated 
carbon and SrBr2⋅6H2O content of 75% (i.e. 6 g SBH). Figure 3.7 shows an example of a 
pellet (MSH/G+C (1:1)). 
 
 
Figure 3.7. MSH/G+C (1:1) composite pellet 10 g in mass, 25 mm in diameter, 9.8 mm 
in thickness, and a 5.2 kN⋅mm-2 compression pressure. Top view on the left and the side 




view on the right. 
 
3.2 Results of Static Tests and Material Development 
3.2.1 Hydration and Dehydration Test Results 
 
The pellets were dehydrated at 85 ˚C, 5% RH, at 101 kPa, then hydrated at 20 ˚C, 90% 
RH at 101 kPa, for the cyclic test. TGA and DSC tests were carried out at the end of each 
hydration cycle along with thermal conductivity, permeability, and porosity 
measurements. All the temperature and relative humidity values given in this section have 
±0.5 ˚C and ±1.8% RH accuracy. Figure 3.8 illustrates the MSH and SBH pellets after 





Figure 3.8. MSH pellet on the left and SBH pellets on the right after the first dehydration 




Figure 3.9. The structure of MSH pellets after four hydration/dehydration cyclic tests. 
Left: 25 mm diameter prepared under a compression pressure of 5.2 kN⋅mm-2; Right: 12 
mm diameter prepared under a compression pressure of 0.77 kN⋅mm-2. 
 





The experimental results of the dehydration and hydration cycles show that even after just 
one hydration and dehydration cycle, pellets of pure MSH and SBH lost structural 
integrity (Figure 3.8). Particularly, the pellets prepared under 0.77 kN⋅mm-2 lost their 
entire structure after the 4th cycle as shown in Figure 3.9. This demonstrates pellets made 
of pure salt hydrates are not suitable to be utilized in THSS as they are not stable. SBH 
was instead utilized in a powdered form in our tubular and spiral reactors. The pellets did 
not show any further geometrical change in the cyclic tests after the 4th dehydration tests. 
Figure 3.10 and Figure 3.11 respectively present the images of the composite pellets made 




Figure 3.10. SBH/C (2.4) pellets before (left) and after (right) one complete dehydration 
(85 ˚C, 5% RH) and hydration (20 ˚C, 90% RH) cycle. Pellets were prepared under a 
compression pressure of 0.77 kN⋅mm-2. 
 
 
Figure 3.11. MSH/G (2.4) pellets before (left) and after (right) one complete dehydration 
(85 ˚C, 5% RH) and hydration (20 ˚C, 90% RH) cycle. Pellets were prepared under a 
compression pressure of 0.77 kN⋅mm-2. 
 
It was found that none of these first composite pellets were able to maintain their initial 
 




geometric structure after the dehydration test. The pellet samples made using activated 
carbon showed big cracks on their surface during the dehydration period, which was later 
filled with salt hydrates that became deliquescent during the hydration period (Figure 
3.10). Figure 3.11 shows that ENG alone is not sufficient to be a supportive medium and 
that MSH leaked out from the pellet sample. Figure 3.12 presents the MSH/G pellets after 
the h/d tests. 
 
 
Figure 3.12. (A) MSH/G (1.6) after 1st dehydration cycle. (B) Pellets after 6 months of 
the over-hydration test. B.1: MSH/G (1.6), B.2: MSH/G (1.8), B.3: MSH/G (2.1), B.4: 
MSH/G (2.4). 
 
As presented in Figure 3.12, after the first dehydration cycle surface cracks occur in the 
pellets making it more susceptible to further geometrical changes. After 24 weeks of 
hydration at 20 ˚C and 90% RH, pellets became deliquescent (Figure 3.12 B). Figure 3.13 
presents pellets manufactured under a compression pressure of 0.77 kN⋅mm-2 with 
different activated carbon-ENG ratios. 
 
 





Figure 3.13. 12 mm diameter pellets manufactured under a compression pressure of 0.77 
kN⋅mm-2. SBH/G+C (1:1)-12 before (a) and after (b) 2nd hydration/dehydration cyclic 
test. SBH/G+C (0.6:1)-12 pellet after 2nd hydration/dehydration test (c). 
 
Figure 3.13 shows SBH leaked out of the pellets of SBH/G+C (1:1) after the 2nd  
hydration/dehydration cycle. However, the salt hydrate leaking was different from that 
shown in Figure 3.11 where only ENG was used as a supportive medium. As shown in 
Figure 3.13 (b), SBH formed small lumpy formations at the outside surface of the pellet 
sample. In addition, Figure 3.13 (c) shows that SBH leaking did not occur when the ENG 
ratio was 60% of the activated carbon mass ratio. However, the overall geometrical 
integrity was not preserved with the 12 mm pellets prepared under 0.77 kN⋅mm-2 
compression pressure (Figure 3.13 (c)). It is observed that increasing the ENG ratio in the 
composite helped pellets to maintain their geometrical shape however, it caused salt 
hydrate leakage from the pellets prepared at the 0.77 kN⋅mm-2 compression pressure. 
Pellets did not show any further geometrical change after the first two cycles. Utilizing 
both activated carbon and ENG in the pellets helped maintain the shape of the pellets 
sample for a longer time.  
 
Due to the promising results obtained from the pellets compressed at 0.77 kN⋅mm-2, new 
composite samples were made of MSH and SBH with both ENG and C with different 
ratios. These pellets were manufactured under the higher pressures of 1.3, 2.6, 3.9, 5.2 
kN⋅mm-2 and started to show some reasonable structural integrity after 10 hydration 
cycles (Figure 3.14 and Figure 3.15). Figure 3.16 shows MSH/G+C pellet samples 
prepared with different mixing ratios and 5.2 kN⋅mm-2 compression pressure after 10 
hydration cycles. 
 






Figure 3.14. MSH/G+C (1:1) pellets after 10th hydration cycle, made with pressures of 
(1) 1.3, (2) 2.6, (3) 3.9, and (4) 5.2 kN⋅mm-2. A) Shows the top view, B) Shows the side 
view of the pellets. 
 
 
Figure 3.15. SBH/G+C (1:1) pellets after the 10th hydration cycle, made with pressures 
of (1) 1.3, (2) 2.6, (3) 3.9, and (4) 5.2 kN⋅mm-2 respectively. A) Shows the top view, B) 









Figure 3.16. MSH/G+C pellet samples after the 10th hydration cycle. No.1: MSH/G+C 
(0.4:1); No.2: MSH/G+C (0.6:1); No.3: MSH/G+C (0.8:1); No.4: MSH/G+C (1:1). All 
pellets were manufactured with 5.2 kN⋅mm-2 pressure. 
 
As shown in Figure 3.14, increasing the compression pressure from 1.3 to 5.2 kN⋅mm-2 
enhanced the long-term structural stability of the composite pellets. In particular, the 
composite pellets made of MSH/G+C (1:1) at the highest value (5.2 kN⋅mm-2) of the 
compression pressures investigated in this study showed the most stable structure (Figure 
3.14, No. 4) after 10 hydration and dehydration cycles. Due to the limits of the hydraulic 
press, compression pressures over 5.2 kN⋅mm-2 could not be applied. Figure 3.15 shows 
that increasing ENG mass ratio in the pellets also enhanced their structure during the 
hydration and dehydration cycles. Pellets made of SrBr2·6H2O were structurally less 
stable (Figure 3.15) during the 1st hydration cycle and they became wet due to 
deliquescence and got darker. The reason for this color change was because of the 
increased absorption of the light by the surface of the pellets [26]. MSH pellets were more 
stable, with MSH/G+C (1:1) composition showing good potential to be used in 
thermochemical reactors (Figure 3.14 and Figure 3.16, No. 4.). 
 
Pellets were dehydrated at a temperature of 85 ˚C and relative humidity of 5% RH and 
hydrated at 20 ˚C and 90% RH through the 10 dehydration and hydration cycles. The 
profiles of relative mass change and relative density change with time during hydration 
and dehydration cycles for several selected pellet samples, SBH/G+C (0.4:1)-12, 
SBH/G+C (1:1)-12, MSH/G+C (0.4:1)-12, MSH/G+C (1:1)-12, are presented in Figure 
3.17 and the others, SBH/G+C (0.4:1), SBH/G+C (1:1), MSH/G+C (0.4:1) and 
MSH/G+C (1:1) are presented in Figure 3.18 where the first Y-axis on the left and the 
second Y-axis on the right present the mass change (%) and density change of the pellets 
throughout the cyclic tests. The relative density change of the pellets was calculated from 
the measured volume and the mass.  
 





Figure 3.17. Hydration (at 20 ˚C and 90% RH) and dehydration (at 85 ˚C and 5% RH) 
plots of pellets prepared under the 0.77 kN⋅mm-2 compression ratio. Each pellet has a 
75% salt hydrate mass ratio. Left column: dehydration charts; right column: hydration 
charts. All the mass measurements have an accuracy of ±0.001 g (<0.5%).  





Figure 3.18. Hydration (at 20 ˚C and 90% RH) and dehydration (at 85 ˚C and 5% RH) 
plots of pellets with prepared under 5.2 kN⋅mm-2 compression ratio. Each pellet has a 
75% salt hydrate mass ratio. Left column: dehydration; right column: hydration. All the 
mass measurements have an accuracy of ±0.001 g (<0.5%). 





Figure 3.17 and Figure 3.18 show the pellets prepared at the same mixing ratio and under 
0.77  kN⋅mm-2 and 5.2 kN⋅mm-2 compression ratio respectively. At the beginning of the 
first dehydration operation, the mass of the composite sample is defined as 100% and the 
corresponding measured weight of the pellets is given in the title of each sub-figures. As 
an example, pellet SBH/G+C (0.4:1) had an initial mass of 16.4 g before the dehydration 
test and the bulk volume of the pellet was calculated from the measured height and 
diameter. The apparent density of the pellet was calculated from the bulk volume and the 
mass of the pellet. During the dehydration, this pellet lost around 25% of its initial weight 
and the changes at its bulk volume were recorded. Then, the process was repeated for the 
next hydration and dehydration tests. As the bulk volume of the pellet increased due to 
the pellet’s irreversible expansion, the density of the pellet decreased. 
 
Although all of the pellets manufactured under the compression pressure of   0.77  
kN⋅mm-2 crumbled after only two cycles, it is seen that losing their geometrical form did 
not affect their hydration and dehydration characteristics, and pellets were able to 
complete their full hydration and dehydration operations until the 10th cycle. It took 5 
hours to dehydrate and 24 hours to rehydrate the pellets prepared at a 0.77 kN⋅mm-2 
compression pressure. However, pellets manufactured with higher compression pressures 
(e.g. 5.2 kN⋅mm-2) needed 96 hours to dehydrate and 168 hours to rehydrate. Nonetheless, 
four days of charging (dehydrating) time is still fast enough for seasonal heat storage, 
where THSS materials can be dehydrated during the entire 3 months of the summer. This 
fall in the dehydration and hydration rates as compared to those of the pellets 
manufactured under lower pressures was due to increasing the density and decreasing the 
porosity of the pellet samples under high compression pressures. In Figure 3.18 (dashed 
lines) variation of the density throughout the cyclic tests was observed; this variation was 
again because of the severe geometrical deformation that occurred during the cyclic tests. 
It was also notable that none of the MSH/G+C (1:1) pellets showed any change in their 
density plots (Figure 3.18 bottom charts) since the geometry of the pellets was well 
maintained throughout the 10 cyclic tests. 
 
 




3.2.2 Thermogravimetric Analysis (TGA) and Differential Scanning 
Calorimetry (DSC) Test Results 
 
Initially, pure SrBr2⋅6H2O and MgSO4⋅7H2O salt hydrates were tested for their heat 
storage capacity. The dehydration steps of the salt hydrates were analyzed using TGA and 
DSC techniques and the results were compared with the results published in the literature 
[27, 28, 29, 30, 31]. In the TGA test, a sample of MgSO4⋅7H2O was heated from 20 ˚C to 
300 ˚C at a heating rate of 3 ˚C⋅min-1. In the DSC test, a MSH sample was heated from 0 
˚C to 300 ˚C at a 3 ˚C⋅min-1 heating rate and a 20 ml⋅min-1 nitrogen flow rate. A 50 mg 
standard aluminum pan was utilized as a reference pan and a sample pan.  
 
According to the chemical formulas of strontium bromide hexahydrate (SrBr2⋅6H2O) and 
magnesium sulphate heptahydrate (MgSO4⋅7H2O) each molecule of SrBr2 and MgSO4 
molecules has six and seven water molecules respectively. However, the apparent 
fractional loss of water molecules during the tests below suggests that the initial salt might 
not have been completely hydrated at the start. 
 
Figure 3.19 presents the TGA plot (blue dashed line) and DSC plot (green solid line) for 
pure MgSO4⋅7H2O. The TGA plot presents the mass change of the sample as a function 
of temperature showing the dehydration level of the salt hydrate, and the DSC plot 
illustrates the heat flow (W⋅g-1) of the sample as a function of temperature. The enthalpy 
in J⋅g-1 of any reaction can be obtained from the area under the red line in the plot [32]. 
In order to analyze the full dehydration characteristics, the samples were heated much 
higher than the targeted operational dehydration temperature (80-100 ˚C). All DSC charts 
presented in this research are plotted as “exothermic up” which means negative peaks 
illustrate an endothermic process. Black lines in the DSC charts show the onset point for 
the endothermic reaction [33]. It should be emphasized that the TGA and DSC results 
only broadly mimic what would occur in a reactor due to the rate differences. It may be 
that a particular dehydration step only occurs over 120 ˚C in the TGA or DSC at a ramp 
rate of 3 ˚C min-1, but may proceed in a reactor at much lower temperatures over a period 
of months. 
 





Figure 3.19. MgSO4⋅7H2O TGA and DSC Analysis. For DSC, a 3 ˚C⋅min-1 heating rate 
from 0 ˚C to 300 ˚C with a 20 mL⋅min-1 N2 flow rate was used. For, TGA test; the utilized 
method was a 3 ̊ C heating rate from 20 ̊ C to 300 ̊ C. Total endothermic reaction enthalpy 
was 1775 J⋅g-1 from 0 ˚C to 300 ˚C.  
 
The sample showed multistep decomposition at 3 main points; centered around 48 ˚C, 89 
˚C, and 226 ˚C (Figure 3.19 DSC chart). Equations (3.1), (3.2), (3.3) were written 
according to the decompositions steps; stoichiometric coefficients were given in fractions 
as it was not clear whether the starting salt was fully hydrated. After around 280 ˚C MSH 
became fully dehydrated and lost 51% of its initial mass, which corresponds to a 7.3% 
mass loss per one molecule of water. In the literature, a similar 7.3% mass loss from MSH 
per one molecule of water subtraction was also seen [34]. The integration of a line 
between the peaks (red line) in the DSC chart (Figure 3.19) was made to calculate the 
enthalpy of fusion at each dehydration step. The corresponding reaction temperature 
ranges on the TGA chart were used to denote the subtracted amount of water molecules 
from the hydrated salt. Obtained dehydration equations are given below. Detailed 
calculations are given in Appendix H. 
 
MgSO4 ⋅ 7H2O ⇌  MgSO4 ⋅ 6.6H2O + 0.4H2O, 
                    ΔH = 70.67 J ⋅ g −1 (at 35 − 58 ˚C) 
(3.1) 
MgSO4 ⋅ 6.6H2O ⇌  MgSO4 ⋅ 0.7H2O + 5.9H2O, (3.2) 
 




                         ΔH = 1249 J ⋅ g −1 (at 58 − 177 ˚C) 
MgSO4 ⋅ 0.7H2O ⇌  MgSO4 ⋅ 0.2H2O + 0.5H2O,  
                         ΔH = 117.3 J ⋅ g −1(at 187 − 260 ˚C) 
(3.3) 
 
All of the heat of fusion enthalpies obtained from the DSC tests were calculated based on 
the TGA results, as the mass change of the sample cannot be measured during the DSC 
tests. The equations above show that the first dehydration step occurs at 48 ˚C and that 
most of the water molecules have been lost at 177 ˚C. These results are consistent with 
those from other studies. Similar to our first dehydration step at 58 ˚C,  Van Essen et al. 
[35] found a similar low-temperature dehydration step (<50 ˚C) for MgSO4⋅7H2O using 
a lower heating rate (1 ˚C min-1) than the heating rate (3 ˚C min-1) in the present study. 
The reason for this low-temperature dehydration is because of the molecular structure of 
MgSO4⋅7H2O. The 7th molecule of water is only loosely attached to each MgSO4 
molecule by a weak coulombic force, making it easily removable from the crystalline 
structure of MSH [36], whereas the other waters are much more strongly bound. 
 
In order to investigate the potential of the salt hydrates in low-temperature operations, 
isothermal DSC tests (Figure 3.20) of the MSH sample were conducted at 80 ˚C, as this 
represents a typical dehydration process in a THSS. For DSC, an initial 3 ˚C⋅min-1 heating 
and 20 ml min-1 N2 flow rates were used, and the sample was then held isothermal at 80 
˚C for 420 minutes. For the TGA test; the sample was heated at a 3 ˚C⋅min-1 heating rate 
from room temperature and held isothermal at 80 ˚C for 420 minutes. In Figure 3.20 the 
left axis and the right axis show the heat flow and weight change of the MSH as a function 
of time during dehydration. 
 





Figure 3.20. MgSO4⋅7H2O isothermal TGA and DSC Charts. For DSC, 3 ̊ C⋅min-1 heating 
and 20 ml⋅min-1 N2 flow rates were used, and the sample was held isothermal at 80 ˚C for 
420 minutes. For, TGA test; the sample was heated at a 3 ˚C⋅min-1 heating rate from room 
temperature and held isothermal at 80 ˚C for 420 minutes. Isothermal heating at 80 ˚C 
was started after the 21st minute of the test. 
 
For MgSO4⋅7H2O, the TGA chart in Figure 3.20 presents a 2.6% weight loss at 54 ˚C, 
which occurred before the sample reached the 80 ˚C isothermal temperature. Given the 
fact that the initial temperature was 16 ˚C for the TGA test and the sample was heated at 
a 3 ̊ C⋅min-1 heating rate, it took only 13 min. to lose 0.4 water molecules. It is also notable 
from the TGA chart (Figure 3.20) that MSH almost completed its dehydration process in 
60 minutes, losing 32.9% of its initial weight corresponding to a total of 4.5 molecules of 
water per MgSO4 molecule (equation (3.4)). After reaching 50 minutes, the sample only 
lost another 2% of its initial mass, which means the last two or so molecules of water are 
not removed at this temperature. 
 
MgSO4 ⋅ 7H2O ⇌  MgSO4 ⋅ 2.5H2O + 4.5H2O, ΔH = 1022 J ⋅ g 
−1 (79 ˚C)       (3.4) 
 
The above equation can then be used for the design of a THSS using MSH as a heat 
storage medium at a low charging temperature, such as 80 ˚C. The expected heat storage 
capacity and the dehydrated/hydrated mass of the reactor can thus be calculated.  
 
 




For SrBr2⋅6H2O there is not much thermal characterization data available in the literature. 
However, six moles of water are expected to make up 30.4% of the total SBH mass [37]. 
The TGA results are shown in Figure 3.21, where the sample was being heated from 20 
˚C to 300 ̊ C at a 3 ̊ C⋅min-1 heating rate. For DSC tests, the sample was heated at a similar 
3 ˚C⋅min-1 heating rate from 0 ˚C to 300 ˚C. 
 
 
Figure 3.21. SrBr2⋅6H2O TGA and DSC Charts. For DSC, a 3 ˚C⋅min-1 heating rate from 
0 ˚C to 300 ˚C with a 20 ml⋅min-1 N2 flow rate were used. For, TGA test; the utilized 
method was a 3 ˚C heating rate from 20 ˚C to 300 ˚C without any gas flow. 
 
The total mass decrease of 30.6% was observed upon ramping to 300 ˚C, with 30.4% of 
that loss occurring before 217 ˚C. SBH showed multistep decomposition in 3 steps; at 91 
˚C, 144 ˚C, and 198 ˚C. However, unlike MgSO4⋅7H2O, there was not any dehydration 
occurring at temperatures lower than 50 ˚C. SrBr2⋅6H2O needed 943.9 J⋅g-1 of heat energy 
during the complete dehydration process and the individual chemical equilibrium 
equations are given in equation (3.5), (3.6), (3.7). 
 
SrBr2 ⋅ 6H2O ⇌ SrBr2 ⋅ 1.8H2O + 4.2H2O, ΔH
= 470.7 J ⋅ g−1 (at 46 − 115 ˚C) 
(3.5) 
SrBr2 ⋅ 1.8H2O ⇌ SrBr2 ⋅ 1H2O + 0.8H2O, ΔH
= 286.4 J ⋅ g−1 (at 115 − 166 ˚C) 
(3.6) 




SrBr2 ⋅ 1H2O ⇌ SrBr2 ⋅ 0.04H2O + 0.96H2O, ΔH
= 186.8 J ⋅ g−1 (at 166 − 217 ˚C) 
(3.7) 
 
Isothermal DSC and TGA analysis were also made for SBH (Figure 3.22), with the 
sample heated from 16 ˚C to 80 ˚C and held isothermal for 420 min at 80 ˚C.  
 
 
Figure 3.22. SrBr2⋅6H2O isothermal TGA and DSC Charts. For DSC, an initial 3     
˚C⋅min-1 heating and 20 ml⋅min-1 N2 flow heating rates were adopted and the sample was 
held isothermal at 80 ˚C for 420 minutes. For, TGA test; the sample was heated at a 3 
˚C⋅min-1 heating rate and then kept isothermal at 80 ˚C for 420 minutes. Isothermal 
heating at 80 ˚C was started after the 21st minute of the test.  
 
After 60 minutes, the sample’s mass dropped to 74.6% of its initial weight indicating a 
loss of five molecules of water as shown in equation (3.8). These results were in good 
agreement with the values available in the literature [38, 39]. SBH did not show any 
further signs of water loss after around 70 minutes in both TGA and DSC analysis. 
 
SrBr2 ⋅ 6H2O ⇌ SrBr2 ⋅ 1H2O + 5H2O, ΔH = 792.7 J ⋅ g
−1 (79 ˚C) (3.8) 
 
A summary of the total heat of fusion that occurred throughout the dehydration processes 
is given in Figure 3.23.  
 





Figure 3.23. MSH’s and SBH’s heat of fusion, obtained from different DSC techniques. 
Literature values were taken from reference [8] where the heat of fusion of the 
dehydrations accounts for 7 and 5 moles of water release from MSH and SBH 
respectively. Experimental results show the heat of fusion value corresponds to near-
complete dehydration of SBH and MSH at 300 ˚C. Each test was repeated 3 times. 
 
It should be noted that the isothermal DSC values only reflect an apparent 4.5 and 5 
molecules of water release from MgSO4⋅7H2O and SrBr2⋅6H2O respectively. The 
theoretical values, taken from literature, account for 7 and 5 moles of water release from 
MgSO4⋅7H2O and SrBr2⋅6H2O respectively [8].  
 
TGA and DSC tests of the composite pellets were also made. For the DSC tests of 
MSH/G+C pellets given in Figure 3.24, samples were taken from manufactured pellets 
(prepared under 5.2 kN⋅mm-2 compression pressure) before and after the cyclic tests and 
then heated from 0 ˚C up to 250 ˚C at a 3 ˚C⋅min-1 heating rate and 20 ml⋅min-1 nitrogen 
flow rate. For the TGA tests, samples were taken from pellets and heated from 20 ˚C to 
250 ˚C at a 3 ˚C⋅min-1 heating rate. The testing procedure was the same for all of the 
mentioned pellets in this section.  
 





Figure 3.24. DSC (top Figure) and TGA (bottom Figure) charts of MSH/G+C pellets 
prepared under 5.2 kN⋅mm-2. 
 
Figure 3.24 presents initial dehydration results as compared to those obtained after the 
10th cyclic test. Dehydration steps were determined based on the changes in the mass 
decrease rates (slope) on the TGA charts. Both MSH/G+C (0.4:1) and MSH/G+C (1:1) 
showed changes in their DSC and TGA characteristics compared to the pure salt (Figure 
3.19). The low-temperature water loss transition (first dehydration in Figure 3.19) 
disappeared as did the higher temperature peak at ca. 90 ˚C. They were replaced by a 
single peak at around 75 ˚C. This suggests that the MSH is not in a crystalline state, but 
bound to the carbon, perhaps in an amorphous state. However, by the 10th cycle, the DSC 
plots more closely resemble the pure salt, suggesting some molecular reorganization (i.e. 
returning to its crystalline state) in the composite over this time.  
 
Figure 3.25 presents the DSC and TGA tests of SBH/G+C pellets prepared under a 5.2 
kN⋅mm-2 compression pressure. Samples were taken from the pellets before and after the 




cyclic tests. The same TGA and DSC methods were used as before. 
  
 
Figure 3.25. DSC (top Figure) and TGA (bottom Figure) charts of SBH/G+C pellets 
prepared under 5.2 kN⋅mm-2 in 25mm diameter.  
 
After the h/d cyclic tests, SBH/G+C (0.4:1) almost totally crumbled (Figure 3.15, No. 1). 
The same pellets also showed the greatest peak hydration temperature change from 95 ˚C 
to 78 ˚C. SBH/G+C (1:1) showed similar reaction temperature values at around 100 ˚C 
before and after the h/d cyclic tests. Its pellets also preserved its geometrical structure 
throughout the cyclic tests unlike SBH/G+C (0.4:1). Changes in the lattice structure or 
the presence of an amorphous phase may be the reason for the changes observed in the 
peak temperatures in the DSC tests. To fully confirm these structures, it would be 
desirable in the future to perform x-ray diffraction studies. 





Figure 3.26 summarizes the heat of fusion values obtained from the DSC analysis of the 
above-mentioned heat storage pellets. MSH/G+C samples showed a heat of fusion of 
around 1300 J⋅g-1 (obtained from ramp DSC tests as in Figure 3.19) regardless of the 
number of the hydration/dehydration cyclic test performed. The pellets had 75% salt 
content, thus they were expected to show around 75% of the SBH’s and MSH’s heat of 
fusion, e.g. 1253 J⋅g-1, and 611 J⋅g-1 respectively from the literature value.  The actual 
values were around 100 J⋅g-1 higher, but not much different from those that were expected 
for our experimental values from the pure salts. There was little change in the values over 
ten hydration cycles, indicating good performance stability. 
 
 
Figure 3.26. The heat of fusion of MSH/G+C (0.4:1), (1:1), and MSH/G+C (0.4:1), (1:1) 
pellets in comparison with the literature values [8]. The literature values show the heat of 
fusion values of the transitions for 7 and 5 moles of water release from MSH and SBH 
respectively. Experimental values show the heat of fusion values corresponding to near-
complete dehydration of the composite pellets. Each test was repeated 3 times. 
 
3.2.3 Permeability Test Results 
 
Good permeability of the pellets is important to allow efficient mass and energy transfer. 
To measure the permeability of the composite pellets, we built a permeability test 
workbench utilizing Darcy’s law by using several different flow rates [40, p. 58, 41]. The 
permeability of the pellets, manufactured with and without the supportive materials of C  




and ENG, is compared in Figure 3.27. The permeability of the dehydrated composite (salt 
hydrate, ENG, and C) pellets is also given in the charts below. The dehydrated pellets that 
were produced using only MSH and SBH could not be measured due to the geometrical 
change that occurred after a dehydration cycle. In the charts below, the X-axis gives the 
applied apparent nitrogen flow rate and the Y-axis presents the permeability of the pellets 
manufactured at different compression pressures. Three tests were conducted for each 
sample at a specified flow rate of the nitrogen gas. Six different flow rates between 1 
ml⋅min-1 and 6 ml⋅min-1 of the nitrogen gas were used for each sample. Thus, for one 
composite, a total of 54 measurements were conducted to get the fitted value of the 
permeability. 
  





Figure 3.27. Experimental results of the permeability tests made for SBH (on the top) and 
MSH (on the bottom) pellets were compressed in different pressures. R2>0.99. Each test 
was repeated 3 times. 
 
Figure 3.27 presents a clear increase in the permeability of SrBr2·6H2O and MgSO4·7H2O 
composite pellets after being mixed with C and ENG. However, increasing the 




compression pressure resulted in a decrease in the permeability of the pellets. This 
decrease was expected due to the reduction of the space between the molecules in the 
pellet. For SBH pellets, permeability was enhanced more than 3.5 times after the 
utilization of C and ENG. MSH pellets gave a more modest increase with a 1.3 times 
increase after adding C and ENG to the mixture. All samples showed a slight increase in 
their permeability after the first dehydration cycle. This was also expected because water 
molecules are subtracted after the dehydration and therefore the mass of the pellets 
decreases as shown in Figure 3.17 and Figure 3.18, water molecules leaving the pellet 
create more pores behind, where N2 can pass through. Figure 3.28 to Figure 3.33 
illustrates the pressure difference between the inlet and outlet of the sample bed with the 
increasing apparent nitrogen flow rate.  
 
 
Figure 3.28. Changes of differential pressures of the SBH pellets with increasing flow 
rates. R2>0.99. The variation of the pressure measurements was less than 0.1% and each 









Figure 3.29. Changes at differential pressures of the SBH/G+C (1:1) pellets with 
increasing flow rates. R2>0.99. The variation of the pressure measurements was less than 
0.1% and each test was repeated 3 times. 
 
 
Figure 3.30. Changes at differential pressures with increasing flow rates. SBH/G+C (1:1) 
pellets manufactured at several different compression pressures were dehydrated 
completely before the test. R2>0.99. The variation of the pressure measurements was less 
than 0.1% and each test was repeated 3 times. 
 
 





Figure 3.31. Changes at differential pressures of MSH pellets with increasing flow rates. 
R2>0.99. The variation of the pressure measurements was less than 0.1% and each test 
was repeated 3 times. 
 
  
Figure 3.32. Changes at differential pressures of MSH/G+C (1:1) pellets with increasing 
flow rates. R2>0.99. The variation of the pressure measurements was less than 0.1% and 
each test was repeated 3 times. 
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Figure 3.33. Changes at differential pressures with increasing flow rates. MSH/G+C (1:1) 
pellets manufactured at several different compression pressures were dehydrated 
completely before the test. R2>0.99. The variation of the pressure measurements was less 
than 0.1% and each test was repeated 3 times. 
 
Figure 3.28, Figure 3.29, Figure 3.30, Figure 3.31, Figure 3.32, and Figure 3.33 shows 
the linear change at the differential pressure with the increasing flow rate. These results 
confirm the results illustrated in Figure 3.27 where the permeability of the pellets was 
independent of the apparent nitrogen flow rates. Permeability values differed less than 
6% between the various flow rates. Results given for each flow rate are the average value 
obtained from the three repeated permeability measurements. The difference between the 
repeated experiments and the mean value was only ±4%. Flow rates were selected 
between 1 ml⋅min-1 - 6 ml⋅min-1 in order to have a low Reynolds number (<1) to use 
Darcy’s law for the permeability tests [42].  
 
3.2.4 Porosity Test Results 
 
Figure 3.34 presents the porosity of the pellets manufactured with or without activated 
carbon and ENG. MSH, SBH, and SBH/G+C(1:1), MSH/G+C(1:1) composite pellets 
prepared under different compression pressures were compared and changes in the 
porosity of the pellets with the increasing compression pressures are also illustrated in the 
chart given below. Porosity tests were made for both hydrated and dehydrated forms of 




the composite pellets. Due to geometrical changes after the dehydration tests, dehydrated 
SBH and MSH pellets could not be used for the porosity tests.  
 
 
Figure 3.34. Porosity test results for pellets manufactured at the different compression 
pressures. 
 
Each data point in Figure 3.34 is an average value obtained from seven identical tests 
where the relative difference between the tests was less than 5%. Linear fits have the R2 
>0.9 and MSH/G+C (1:1) pellets presented the most decrease in their porosity with 
compression pressure increase, thus having the highest slope (m) in its equation.  The 
porosity of the MSH/G+C (1:1) pellets increased around 20% after adding activated 
carbon and ENG to the mixture. Similarly, there was around a 13% increase in the 
porosity of the SBH/G+C (1:1) when compared with the SBH pellet. It is also notable that 
the dehydration process further increased the porosity of all the latest manufactured 
pellets, similar to the increase found in permeability tests in Figure 3.27.  
 




3.2.5 Thermal Conductivity Test Results 
 
The thermal conductivity of the samples was tested using a transient plane source method 
(TPS) [43, 44, 45]. Good thermal conductivity is needed in order to prevent hot spots and 
to efficiently transport heat out of the structures. Figure 3.35 presents the thermal 
conductivity test results of the pellets manufactured at several different compression 
pressures. The Y-axis presents the thermal conductivity of the pellets while the X-axis 
presents the compression pressures.  
 
 
Figure 3.35. Thermal conductivity test results for the pellets manufactured at different 
pressures. The samples that were dried completely before the testing are marked as 
dehydrated. Each test was made 7 times. 
 
With the use of activated carbon and ENG, the SBH/G+C (1:1) pellets exhibited the 
highest thermal conductivity at all compression pressures. Enhancement in the thermal 
conductivity after utilizing the ENG and activated carbon in the composite mixture was 
in all cases greater than 200% than for the strontium bromide pellets (SBH, SBH/G+C 
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(1:1)). MSH/G+C (1:1) pellets manufactured under the same compression pressures 
showed less enhancement, with only half the thermal conductivity increase of SBH/G+C 
(1:1) pellets. For both MSH/G+C (1:1) and SBH/G+C (1:1) the highest enhancement 
occurred at a 5.2 kN⋅mm-2 compression pressure, with their thermal conductivities 
increasing by 200% and 350% respectively. This can be attributed to the reduction of the 
pellet’s porosity and greater surface contact between the conductive carbon phases. It was 
also notable that after the dehydration cycle, the porosity of the sample was increased, 
causing a decrease in thermal conductivity. 
 
As it is discussed before in Section 1.7, the heat transfer rate is linked to thermal 
conductivity and the porosity of the material bed. Especially porosity is an important 
factor for conductive and convective heat transfer as shown in Equation 1.2. High thermal 
conductivity of the pellets could help to distribute heat faster from outside of the pellet to 
the inside during the dehydration cycle. However, conducting heat alone is not sufficient 
for completing the dehydration reaction. The pellets should also be porous and permeable 
enough to allow mass exchange between the reactants and the working fluid (air) [43]. 
However, very high porosity means greater void space in the pellet, reducing the 
volumetric heat storage capacity and the thermal conductivity. Ideally, for the reactor 
scale operations, the pellets should be densely packed (compressed under high 
compression pressure) to maximize the volumetric storage capacity, but with reasonable 
porosity to allow heat and mass transfer.  
 
We observed around 20% increase in pellet’s porosity after adding ENG and C to the 
mixture and pellets manufactured at 1.3 kN⋅mm-2 compression pressure showed around 
20% more porosity than the ones prepared under 5.2 kN⋅mm-2 (Figure 3.34). This increase 
in porosity contributed to the decrease of the hydration duration by a factor of 7. However, 
our biggest motive was solving the crumbling and deliquescence problems of the pellets. 
Although MSH/G+C(1:1) pellets showed somewhat promising results, the deliquescence 
problem was not completely solved. Therefore, another phase of material development 








3.3 Results of 4th Phase Static Tests and Material Development 
3.3.1 Material Development 4th Phase 
 
More absorbent and porous materials were tested in order to attempt to overcome some 
deficiencies in the previous composites. In particular, there was still some deliquescence 
found on prolonged exposure to high humidity, which degraded the pellet structure. The 
new supportive materials utilized are described below. As these materials were tested at 
the end of the project, there was not enough time to scale up and test in a reactor. 
 
Magnesium trisilicate (MT) is an inorganic compound that can also be used as a food 
additive [46]. It is not flammable or toxic and also insoluble in water [47]. Magnesium 
trisilicate is also acknowledged as a good absorbent with a high surface area [48]. 
Spectrum, MA140, magnesium trisilicate anhydrous powder is used in our research. 
 
Nanoclays (N) are composed of layered mineral silicates, which can be structurally 
modified. For example, by using organic-inorganic nanomaterials organically-modified 
nanoclay, can be created to be used in nanocomposites as an absorbent [49, 50, 51]. In 
this research, we used bentonite (Sigma Aldrich, nanoclay, hydrophilic bentonite powder, 
particle size ≤25 μm) to investigate the possibility of preserving the pellet structure for a 
longer period of time. 
 
Molecular sieves (S) are acknowledged as being a good moisture absorbent and as a base 
for synthesizing composite materials [52, 53]. Molecular sieves can also provide 
enhanced mesoporous structure and high surface area for composites, thus 4–A molecular 
sieves (Sigma Aldrich, molecular sieves, beads, 4–8 mesh) was trialed as a candidate 
supportive material in this research [54]. However, the molecular sieves are unlikely to 
contribute to the absorption of water in the reactor, as this material is only dehydrated at 
higher temperatures than used here. 
 
Celite (CE, diatomaceous silica, SiO2) is a naturally available siliceous sedimentary rock 
that can be easily crumbled down to a particle size of 10–200 μm. Over 80% of the celite 
is composed of silica while the rest of it is mainly clay minerals (i.e. alumina) and iron 
oxide [55]. Celite is utilized in superabsorbent composite materials to enhance the saline 




absorption of the composites [56, 57]. We used celite (Sigma Aldrich, Celite S, 
diatomaceous silica) to investigate the potential of this material to prevent the geometrical 
change of the pellet caused by the salt hydrate deliquescence. 
 
Fumed silica (FS) is composed of microscopic amorphous silica particles which are 
agglomerated into tertiary particles. Fumed silica has a high surface area and very low 
bulk density. It can be used as a thickener or reinforcing filler [58]. As an example, fumed 
silica was used in composite rubber mixtures to enhance the tensile strength and found to 
be a good supportive material [59]. Fumed silica can also be mixed with nanoclay to 
further enhance the elasticity of composite materials [60]. Sabir et al. [61] used fumed 
silica in a composite mixture for desalination applications and the samples doped with 
fumed silica showed noticeable enhancement in their absorption and elasticity. Our THS 
pellets expand during the dehydration cycle and we investigated the use of fumed silica 
(Sigma Aldrich, S5130 fumed silica powder) as supportive material to enhance the 
geometrical stability of the pellets. 
 
Amberlyst (A) is an ion-exchange resin and a catalyst to synthesize organic compounds 
[62]. Amberlyst can also be used in a pervaporation membrane for the esterification 
reaction between the acetic acid and butanol [63]. It is a mesoporous material that 
provides a high average pore diameter for composite materials [64]. Amberlyst (Sigma 
Aldrich, Supelco, amberlyst A21 free base, styrene divinylbenzene (macroporous), 22-30 
mesh particle size) was utilized in this research to give a mesoporous structure to the 
manufactured composite pellets.  
 
All pellets had a fixed 75% salt hydrate weight ratio and the mass ratio of the supportive 
materials are given in parentheses correspond to the remaining 25% weight ratio. For 
example, MSH/CE+N+C (1:1:2) had 12 g MSH for the sum of 1g celite, 1 g nanoclay, 
and 2 g activated carbon. Each supportive material underwent a simple water absorption 
test by itself.  Distilled water was added in a 1:1 mass ratio as shown in Figure 3.36. 
Magnesium trisilicate was found to be the most hydrophilic supportive material compared 
to the rest and absorbed all the added water. The pellets were prepared in an analogous 
way to that of the carbon-composite pellets. They were prepared under 5.2 kN⋅mm−2 
compression pressure. Micrographs of the pellets are presented in Figure 3.37 and the 




powdered forms of MSH/N+S+C (1:1:1) and MSH/CE+N+A (1:1:2) are presented in 
Figure 3.38. Silica-based materials are acknowledged to be a good supportive material 
for THS composite materials due to their very hydrophilic properties contributing to the 
sorption of the composites. However, they are quite fragile and the silica particles turn 
into powders after contact with liquid water or salt solutions [15]. We have used MT, N, 
CE, FS in the composite mixture to try and help to solve the deliquescence problem. 
However, due to the reported form change of the silica-based materials, they were not 
considered as a sole supportive material, instead, used in a mixture with granular materials 
such as C, S. At least 12.5% of the pellets were dedicated to the granular materials in 




Figure 3.36. Water uptake tests for the supportive materials used. 
 
 





Figure 3.37. Manufactured composite pellets, 10 g in mass, 25 mm in diameter, and a 5.2 
kN⋅mm-2 compression pressure. 
 
 






Figure 3.38. MSH/N+S+C (1:1:1) on top, MSH/CE+N+A (1:1:2) on the bottom in 
powder form before the compression into pellets. 
 
All of the presented pellets in Figure 3.37 kept their structure after the compression. In 
particular, molecular sieves and celite were found to be a good additive and contributed 
towards the structural strength of the pellets prepared with just activated carbon, which 
was previously found to be brittle to the touch. Figure 3.38 shows the salt hydrate 
accumulation (inside the white circles) on the carbon granules of the MSH/N+S+C 
(1:1:1). However, those accumulation spots were not widespread and did not occur at the 
other mixtures that did not have activated carbon in their mixture (Figure 3.38 - bottom 
image). Mixtures of MSH/CE+N+C (1:1:2), MSH/A+MT+C (1:1:2), MSH/FS+MT+C 
(1:1:2), MSH/N+S+C (1:1:1), MSH/FS+CE+C (1:1:2), MSH/FS+N+C (1:1:2) 
compressed at 5.2 kN⋅mm-2 crumbled right after the compression, therefore, those 
samples were excluded from the permeability, porosity, and thermal conductivity tests, 
however, they were included in the specific heat capacity, DSC and TGA tests. 




3.3.2 Hydration and Dehydration Test Results  
 
Further tests were made to investigate the potential of pellets supported by these new 
supporting materials. Figure 3.39 presents the composite pellets supported with celite 
(CE), fumed silica (FS), nanoclay (N), and magnesium trisilicate (MT), molecular sieves 
(S), amberlyst (A), activated carbon (C), and expanded natural graphite (G) during a 
second hydration cycle. 
 
 
Figure 3.39. Composite pellets after 2nd hydration test. No. 1: MSH/S+C+N (3:2:3), No. 
2: MSH/S+C+MT (3.2.3), No.3: MSH/FS+CE+S (1.1.2), No. 4: MSH/S+G+CE (3.2.3), 
No. 5: SBH/FS+N+S (1.1.2), No. 6: SBH/MT+FS+S (1.1.2), No. 7: SBH/N+CE+S 
(1.1.2), No. 8: SBH/FS-CE-S (1.1.2), No. 9: SBH/S-C-CE (3.2.3). 
The molecular sieves-celite pairing enhanced the geometrical performance of the pellets 
when it was used together with C or ENG in the composite mixture (Figure 3.39, No: 9 
and No: 4). Figure 3.40 presents the pellets that did not severely crumble after the 4th 















Figure 3.40. Composite pellets after the 4th dehydration test. 
 
Pellets made with a combination of molecular sieves, ENG, and celite presented the most 
promising result among the pellets supported with hydrophilic supporting materials and 
they did not show major geometrical change after 4 cyclic tests. The other four pellets 
that kept some structural integrity are also presented in Figure 3.40. MSH/S+G+CE 
(3:2:3) also did not show any deliquescence during the cyclic tests and showed good 
potential to be utilized in larger-scale tests. It may be that the molecular sieves are able to 
absorb any excess salt solution within their structure, thus preventing it from leaking 
macroscopically. 
 
Figure 3.41 to Figure 3.45 presents the cyclic mass change of the above pellets during 




hydration (at 20 ˚C and 90% RH) and dehydration (at 85 ˚C and 5% RH) cycles. Y-axis 
on the left presents the mass change (%) and the X-axis represents the experimental time.  
 
Figure 3.41. Hydration (at 20 ˚C and 90% RH) and dehydration (at 85 ˚C and 5% RH) 
plots of MSH/CE+N+A (1:1:2), MSH/FS+MT+A (1:1:2), MSH/CE+N+S (1:1:2) 
prepared at 5.2 kN⋅mm-2 compression ratio. Each pellet had a 75% salt hydrate mass ratio. 
All the mass measurements have an accuracy of ±0.001 g (<0.5%). 
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Figure 3.42. Hydration (at 20 ˚C and 90% RH) and dehydration (at 85 ˚C and 5% RH) 
plots of MSH/FS+MT+S (1:1:2), MSH/FS+CE+S (1:1:2), MSH/FS+N+S (1:1:2) 
prepared at 5.2 kN⋅mm-2 compression ratio. Each pellet had a 75% salt hydrate mass ratio. 














Figure 3.43. Hydration (at 20 ˚C and 90% RH) and dehydration (at 85 ˚C and 5% RH) 
plots of MSH/S+G+CE (3:2:3), MSH/S+C+N (3:2:3), MSH/S+C+MT (3:2:3) prepared 
at 5.2 kN⋅mm-2 compression ratio. Each pellet had a 75% salt hydrate mass ratio. All the 












Figure 3.44. Hydration (at 20 ˚C and 90% RH) and dehydration (at 85 ˚C and 5% RH) 
plots of SBH/MT+FS+S (1:1:2), SBH/N+CE+S (1:1:2), MSH/S+G+N (3:2:3) prepared 
at 5.2 kN⋅mm-2 compression ratio. Each pellet had a 75% salt hydrate mass ratio. All the 












Figure 3.45. Hydration (at 20 ˚C and 90% RH) and dehydration (at 85 ˚C and 5% RH) 
plots of MSH/S+G+MT (3:2:3) prepared at 5.2 kN⋅mm-2 compression ratio. Pellet had a 
75% salt hydrate mass ratio. Mass measurements have an accuracy of ±0.001 g (<0.5%). 
 
All of the tested composite pellets showed good cyclic performance regardless of their 
geometrical stability. However, the pellets were not allowed to get overhydrated and 
deliquesce, and so the hydration cycles were stopped after reaching the initial mass (given 
in the title of each chart). While this is somewhat artificial in the sense that it might be 
difficult to accurately replicate in a real reactor, it does give valuable preliminary 
information on rates of reaction and structural stability. 
 
Pellets of MSH/CE+N+A (1:1:2), MSH/FS+MT+A (1:1:2), MSH/CE+N+S (1:1:2), 
MSH/FS+MT+S (1:1:2), MSH/FS+CE+S (1:1:2), and MSH/FS+N+S (1:1:2) illustrated 
a similar cyclic duration time of between 450-500 hours (Figure 3.41 and Figure 3.42).  
Pellets of MSH/S+G+CE (3:2:3), MSH/S+C+N (3:2:3), MSH/S+C+MT (3:2:3), 
SBH/MT+FS+S (1:1:2), SBH/N+CE+S (1:1:2), MSH/S+G+MT (3:2:3) had a cyclic 
duration of between 400-450 hours (Figure 3.43, Figure 3.44, Figure 3.45). Pellets 
utilizing one hydrophilic supportive material were generally showed faster hydration 
rates. MSH/S+G+N (3:2:3) (Figure 3.44-bottom chart) was the fastest one with around 
350 hours (300 hours of hydration and 50 hours of dehydration) cyclic duration. 
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3.3.3 Thermogravimetric Analysis (TGA) and Differential Scanning 
Calorimetry (DSC) Test Results 
 
Table 3.3 presents the DSC and TGA results of these pellets. The enthalpy of fusion 
values was calculated from the DSC tests by integrating all of the endothermic peaks. 
 
Table 3.3. DSC and TGA results of the composite materials supported by several different 
supportive media. For DSC, a 3 ˚C⋅min-1 heating rate from 0 ˚C to 300 ˚C with a 20 
ml⋅min-1 N2 flow rate were used. For, TGA test; the used method was a 3 ˚C heating rate 
from 20 ˚C to 300 ˚C without any gas flow. 
Sample name1 ΔH (J⋅g-1) 2 Weight loss (%) 
MSH/CE+N+C (1:1:2) 1013 35.2 
MSH/A+MT+C (1:1:2) 1032 37.73 
MSH/FS+MT+C (1:1:2) 1046 35.45 
MSH/N+S+C (1:1:1) 1122 35.22 
MSH/CE+N+A (1:1:2) 1052 33.45 
MSH/FS+MT+A (1:1:2) 1113 37.33 
MSH/CE+N+S (1:1:2) 1170 37.62 
MSH/FS+MT+S (1:1:2) 1250 39.6 
MSH/FS+CE+S (1:1:2) 1158 37.34 
MSH/FS+N+S (1:1:2) 1298 38.46 
MSH/FS+CE+C (1:1:2) 1062 37.7 
MSH/FS+N+C (1:1:2) 1164 38.49 
MSH/S+C+CE (3:2:3) 1197 33.13 
MSH/S+C+N (3:2:3) 1291 35.35 
MSH/S+C+MT (3:2:3) 1104 36.33 
SBH/MT+FS+S (1:1:2) 1186 26.93 
SBH/N+CE+S (1:1:2) 1063 29.19 
SBH/FS+CE+S (1:1:2) 1037 25.65 
SBH/FS+N+S (1:1:2) 1065 26.21 
MSH/S+G+CE (3:2:3) 1054 36.47 
MSH/S+G+N (3:2:3) 1307 36.05 
MSH/S+G+MT (3:2:3) 1111 34.78 
1 MgSO4∙7H2O (MSH), SrBr2∙6H2O (SBH), Celite (CE), nanoclay (N), magnesium trisilicate (MT), fumed 
silica (FS), molecular sieves (S), amberlyst (A), activated carbon (C), expanded natural graphite (G). 
2 The total enthalpy change obtained by integrating DSC curve between 0 ˚C  to 300 ˚C 





As presented in Table 3.3, pellets that used MSH showed around 35% mass decrease and 
the pellets prepared with SBH illustrated around 27% mass decrease on average, 
corresponding to around complete dehydration (the mass change of the used supportive 
materials were considered to be zero). Given the fact that pellets have 75% hydrated salt 
content, SBH and MSH composite pellets prepared with supportive materials showed 
about 75% of the value for the heat of fusion than pure SBH’s and MSH’s. 
 
Figure 3.46 and Figure 3.47 presents the isothermal DSC charts of some of the composite 
pellets supported with more than two supportive materials. Due to the limited operation 
time of the DSC and TGA instruments and the instrument failures, some of the composites 
were not able to be tested for the isothermal characterizations. 
 
 
Figure 3.46. MSH/FS+MT+S (1:1:2) and MSH/CE+N+A (1:1:2)  isothermal DSC charts, 
pellets were heated at a 3 ˚C⋅min-1 heating rate from 20 ˚C and held isothermal at 80 ˚C 
for 420 minutes.  
 





Figure 3.47. MSH/FS+N+S (1:1:2), MSH/S+G+CE (3:2:3), MSH/S+G+N (3:2:3) 
isothermal DSC charts, pellets were heated at a 3 ˚C⋅min-1 heating rate from 20 ˚C and 
held isothermal at 80 ˚C for 420 minutes. 
 
Composite pellets supported with multiple supportive media showed around 750 J⋅g-1 heat 
of fusion during the isothermal DSC tests (Figure 3.46 and Figure 3.47). Interestingly, 
MSH/CE+N+A showed a much slower release of water, together with the lowest enthalpy 
value, which suggests some secondary interactions with the salt that would be worth 
investigating further. Additionally, SBH composite pellets did not show any significant 
 




differences in their ramp DSC characteristics as presented in Figure 3.48. 
 
 
Figure 3.48. SBH composite pellets ramp DSC charts, pellets were heated at a 3       
˚C⋅min-1 heating rate from 0 ˚C to 300 ˚C with a 20 ml⋅min-1 N2 flow rate. 
 
3.3.4 Specific Heat Capacity Test Results 
 
Knowledge of the specific heat capacity of the materials used in the composite mixtures 
is important to enable modeling analysis of the reactors, although of limited value in this 
early stage. Table 3.4 presents the specific heat capacity of each separate material used in 
this research. Table 3.5 and Table 3.6 presents the specific heat capacity of the dehydrated 
and hydrated composite pellets that are characterized as a potential THS media. After 
around 80 ˚C composite pellets showed a considerable amount of heat of fusion affecting 
the thermal conductivity measurements, therefore 60 ˚C and 70 ˚C were selected as a 












Table 3.4. Specific heat capacity of MSH, SBH, and utilized supportive materials based 
on 3 repeats. 
Sapphire Calibrant Aluminum Calibrant 
Sample name Cp  
(J⋅g-1⋅K-1)  










Reference Cp  
(J⋅g-1⋅K-1)  
60 ˚C 70 ˚C 




SBH 879±80 944±105 899±80 835±105 967 [65] 968 [65] 




ENG 1501±60 1804±90 1534±60 1595±90 818 [67] 842 [67] 
Amberlyst 2193±95 2343±110 2242±95 2071±110 - - 
Celite 625±10 748±20 639±10 661±20 - - 
Fumed Silica 812±125 899±65 830±125 795±65 - - 
Magnesium Trisilicate 1460±90 1693±135 1493±90 1497±135 - - 
Nanoclay 799±105 889±85 816±105 786±85 - - 
Molecular Sieve 1500±75 1734±25 1533±75 1532±25 - - 






















Table 3.5. Specific heat capacity of the dehydrated composite pellets (3 repeats). 
Sapphire Calibrant Aluminum Calibrant 
Sample name Cp   
(J⋅g-1⋅K-1)  










     
MSH/C+G (1:1)-Dehydrated 804±65 972±80 822±65 859±80 
MSH/CE+N+C (1:1:2)-Dehydrated 1641±50 1818±55 1678±50 1607±55 
MSH/A+MT+C (1:1:2)-Dehydrated 1152±35 1356±20 1178±35 1199±20 
MSH/FS+MT+C (1:1:2)-Dehydrated 950±15 1141±20 971±15 1009±15 
MSH/N+S+C (1:1:1)-Dehydrated 1117±40 1339±35 1142±40 1183±35 
MSH/CE+N+A (1:1:2)-Dehydrated 1433±50 1767±35 1464±50 1562±35 
MSH/FS+MT+A (1:1:2)-Dehydrated 1021±25 1052±20 1043±25 930±20 
MSH/CE+N+S (1:1:2)-Dehydrated 1349±45 1639±115 1378±45 1449±115 
MSH/FS+MT+S (1:1:2)-Dehydrated 1240±90 1404±145 1268±90 1241±145 
MSH/FS+CE+S (1:1:2)-Dehydrated 913±70 1128±35 933±70 997±35 
MSH/FS+N+S (1:1:2)-Dehydrated 1154±50 1410±35 1180±50 1247±35 
MSH/FS+N+C (1:1:2)-Dehydrated 1204±80 1255±30 1231±80 1109±30 
MSH/S+C+CE (3:2:3)-Dehydrated 1342±95 1503±25 1372±95 1329±25 
MSH/S+C+N (3:2:3)-Dehydrated 843±90 1010±30 862±90 892±30 
MSH/S+C+MT (3:2:3)-Dehydrated 1153±35 1305±25 1178±35 1153±25 
SBH/MT+FS+S (1:1:2)-Dehydrated 808±30 946±25 826±30 836±25 
SBH/N+CE+S (1:1:2)-Dehydrated 1280±105 1539±55 1308±105 1361±55 
SBH/FS+CE+S (1:1:2)-Dehydrated 566±10 697±5 578±10 616±5 
SBH/FS+N+S (1:1:2)-Dehydrated 784±55 908±15 802±55 802±15 
MSH/S+G+CE (3:2:3)-Dehydrated 1177±75 1428±5 1203±75 1262±5 
MSH/S+G+N (3:2:3)-Dehydrated 1250±110 1434±90 1278±110 1268±90 














Table 3.6. Specific heat capacity of the hydrated composite pellets (3 repeats). 
Sapphire Calibrant Aluminum Calibrant 
Sample name Cp   
(J⋅g-1⋅K-1)  










MSH/C+G (1:1) 974±75 1136±105 996±120 1004±95 
MSH/CE+N+C (1:1:2) 1418±115 1536±160 1450±115 1358±160 
MSH/A+MT+C (1:1:2) 1343±185 1551±215 1373±185 1371±215 
MSH/FS+MT+C (1:1:2) 1798±260 2431±305 1838±260 2149±305 
MSH/N+S+C (1:1:1) 2182±275 2880±250 2231±275 2546±250 
MSH/CE+N+A (1:1:2) 2767±170 3173±230 2828±170 2805±230 
MSH/FS+MT+A (1:1:2) 3506±340 3928±315 3584±340 3472±315 
MSH/CE+N+S (1:1:2) 1901±180 2566±230 1943±180 2269±230 
MSH/FS+MT+S (1:1:2) 1738±230 1933±165 1776±230 1709±165 
MSH/FS+CE+S (1:1:2) 1528±190 1683±220 1562±190 1488±220 
MSH/FS+N+S (1:1:2) 1453±220 1771±245 1486±220 1565±245 
MSH/FS+N+C (1:1:2) 1661±130 1996±165 1698±130 1765±165 
MSH/S+C+CE (3:2:3) 2465±165 3013±80 2520±165 2663±80 
MSH/S+C+N (3:2:3) 1984±145 2609±200 2028±145 2306±200 
MSH/S+C+MT (3:2:3) 2222±155 3073±195 2272±155 2717±195 
SBH/MT+FS+S (1:1:2) 1457±180 1834±210 1489±180 1621±210 
SBH/N+CE+S (1:1:2) 2090±220 3134±235 2136±220 2770±235 
SBH/FS+CE+S (1:1:2) 1242±165 1406±220 1270±165 1243±220 
SBH/FS+N+S (1:1:2) 1124±125 1532±250 1149±125 1354±250 
MSH/S+G+CE (3:2:3) 1349±210 1549±310 1378±210 1369±310 
MSH/S+G+N (3:2:3) 1451±185 1813±220 1484±185 1603±220 
MSH/S+G+MT (3:2:3) 2334±340 2757±290 2386±340 2437±290 
 
Each value given in the above tables is the average value obtained from 3 repetitions of 
the specific heat capacity tests, conducted by using the DSC technique. The specific heat 
capacities of the hydrated samples are higher than the dehydrated samples because of the 
high specific heat capacity (4186 J⋅g-1⋅K-1) of water [69]. Additionally, composites 
supported by multiple supportive materials presented higher heat capacity than the 
MSH/C+G (1:1) composites. Overall, the results obtained by using two different 
calibration constants were in good agreement and the measured heat capacities of the 




MSH and SBH were similar to the literature values given in Table 3.4. The initially 
hydrated samples presented in the above tables were likely to be partially dehydrated 
during the heat capacity tests, MSH/S+G+CE (3:2:3)’s specific heat capacity 
measurement is presented in Figure 3.49 as an example, where the 5 minutes long 
isothermal steps at 60 ˚C and 70 ˚C were repeated three times. After each step, the 
measured heat was decreased, indicating some level of dehydration. This is the reason for 
the relatively high measurement error margin in the hydrated sample test results. 
 
 
Figure 3.49. MSH/S+G+CE (3:2:3) hydrated sample, specific heat capacity measurement. 
 
Translation, rotation, and vibration contribute to the molecule's average energy and the 
average energy of the molecules increases with an increase in temperature. Enough 
energy might be transferred to a molecule (from another molecule) in a solid to excite the 
first rotational state after molecular collisions. More molecules can be excited to this stage 
with increasing temperature, therefore rotation starts to contribute to the internal energy 
causing an increase in the specific heat [70]. The specific heat capacity of the samples 
was calculated by multiplying the heat release (obtained by integrating the peak occurred 
at the isothermal steps as in Figure 3.49) and the calibration constant as explained in 
Chapter 2. It is expected from samples to show higher specific heat when the temperature 
is increased, due to the increased internal energy, therefore as in 1st step, changes in the 
heat flow at 70 ˚C should normally be bigger than the one at 60 ˚C. However, because of 
the possible start of dehydration, lower changes in heat flow were observed in the 2nd and 
1st step 2nd step 3rd step 




3rd steps of the tests. 
 
3.3.5 Permeability Test Results 
 
The manufactured pellets were also tested in the permeability tests. Table 3.7 presents the 
permeability results of the pellets prepared under 5.2 kN⋅mm-2 compression pressure. 
 
Table 3.7. Permeability of composite pellets prepared under 5.2 kN⋅mm-2 compression 
pressure. SD is provided for each value. 
Sample Name Permeability–Hydrated 
(m²⋅10-14) 
Permeability–Dehydrated (at 85 
˚C) (m²⋅10-14) 
MSH 7.25 ± 0.36 - 
SBH 0.96 ± 0.05 - 
SBH/G+C (1:1) 3.61 ± 0.18 3.7 ± 0.2 
MSH/G+C (1:1) 8.53 ± 0.42 8.78 ± 0.44 
MSH/S+G+CE (3:2:3) 0.99 ± 0.05 1.05 ± 0.05 
MSH/S+G+N (3:2:3) 0.43 ± 0.02 0.95 ± 0.05 
MSH/S+G+MT (3:2:3) 1.16 ± 0.06 1.39 ± 0.07 
SBH/FS+N+S (1:1:2) 0.83 ± 0.04 1.98 ± 0.1 
SBH/FS+CE+S (1:1:2) 2.35 ± 0.11 2.79 ± 0.14 
SBH/N+CE+S (1:1:2) 0.84 ± 0.04 1.10 ± 0.06 
SBH/MT+FS+S (1:1:2) 1.11 ± 0.06 1.26 ± 0.06 
MSH/S+C+MT (3:2:3) 2.01 ± 0.1 2.51 ± 0.13 
MSH/FS+N+S (1:1:2) 1.94 ± 0.09 2.28 ± 0.11 
MSH/FS+CE+S (1:1:2) 2.9 ± 0.15 3.33 ± 0.16 
MSH/S+C+CE (3:2:3) 2.03 ± 0.1 2.69 ± 0.13 
MSH/S+C+N (3:2:3) 3.02 ± 0.15 3.46 ± 0.17 
MSH/MT+FS+S (1:1:2) 3.27 ± 0.16 3.82 ± 0.19 
MSH/N+CE+S (1:1:2) 0.67 ± 0.03 1.17 ± 0.06 
 
Utilizing the multiple supportive materials caused a decrease in the permeability of the 
composite pellets (Table 3.7), it is likely that some of the pores of the composite material 
were filled with the magnesium trisilicate, fumed silica, nano clay or celite powders, 
causing a decrease in permeability. The values are still fine for use in long term storage 
reactors. 




3.3.6 Porosity Test Results 
 
Table 3.8 presents the hydrated and dehydrated porosities of the manufactured pellets. 
 
Table 3.8. The porosity of composite pellets, prepared under 5.2 kN⋅mm-2 compression 
pressure. SD is provided for each value. 





MSH 15 ± 0.5  - 
SBH 9 ± 0.3 - 
SBH/G+C (1:1) 20.8 ± 0.8 41.6 ± 1 
MSH/G+C (1:1) 31.5 ± 1.5 43.6 ± 1.5 
MSH/S+G+CE (3:2:3) 13.3 ± 0.5 35.2 ± 1.5 
MSH/S+G+N (3:2:3) 10.7 ± 0.5 41.9 ± 1.5 
MSH/S+G+MT (3:2:3) 10.5 ± 0.5 37.2 ± 1.5 
SBH/FS+N+S (1:1:2) 7.2 ± 0.3 27.2 ± 1 
SBH/FS+CE+S (1:1:2) 26.4 ± 1 29.6 ± 1 
SBH/N+CE+S (1:1:2) 22.5 ± 1 52.15 ± 1.5 
SBH/MT+FS+S (1:1:2) 3.2 ± 0.1 12.9 ± 0.5 
MSH/S+C+MT (3:2:3) 9.2 ± 0.4 32.1 ± 1.5 
MSH/FS+N+S (1:1:2) 16.7 ± 0.5 43.9 ± 1.5 
MSH/FS+CE+S (1:1:2) 21.7 ± 1 40.2 ± 1.5 
MSH/S+C+CE (3:2:3) 15.6 ± 0.5 44.6 ± 1.5 
MSH/S+C+N (3:2:3) 14.5 ± 0.5 28.6 ± 1 
MSH/MT+FS+S (1:1:2) 8.1 ± 0.3 34 ± 1 
MSH/N+CE+S (1:1:2) 18.7 ± 0.5 44 ± 1.5 
 
Each data point in Table 3.8 is an average value obtained from seven identical tests where 
the relative difference between the tests was less than 5% (stated in the parenthesis). The 
porosity was the poorest in the composite mixtures that used magnesium trisilicate as 
supportive material. A previous study showcased that magnesium silicate particles have 
an irregular shape and are non-porous [71]. Therefore, any pores of the pellets could be 
filled with this nonporous material, this could decrease the overall porosity of the pellet. 
However, when celite was utilized, pellets exhibited a similar porosity compared to those 
supported with C-ENG. 





3.3.7 Thermal Conductivity Test Results 
 
Figure 3.50 presents the thermal conductivity of the pellets manufactured under 5.2 
kN⋅mm-2 compression pressure.  
 
 
Figure 3.50. Thermal conductivity of hydrated and dehydrated pellets prepared under 5.2 
kN⋅mm-2 compression pressure. Each test was made 7 times. 
 
As shown in Figure 3.50 pellets supported with ENG presented better enhancement in 
their thermal conductivity. Apart from ENG none of the supportive materials were found 
to be effective to increase the thermal conductivity of the pellets. Similar to the previous 
thermal conductivity tests presented in this chapter, dehydrated pellets showed lower 
thermal conductivity compared to hydrated ones, also similar to another study in the 












Pellets using only SBH or  MSH were unstable during the h/d tests and were not a good 
candidate for THSS. When only ENG was used in the composite mixture as supportive 
material, salt hydrate leakage from the pellets was observed after dehydration operation 
and this leakage was largely prevented after adding C into the mixture.  
 
Pellets supported with C-ENG pair showed a good cyclic performance with enhanced 
porosity, thermal conductivity, and permeability. ENG was found to be a good supportive 
material to enhance the thermal conductivity of the pellets and the pellets used ENG 
presented a considerable increase in their thermal conductivity up to 350%. It was also 
found that the thermal conductivity, permeability, porosity, and the specific heat capacity 
of the pellets were changing during the hydration and dehydration operations. For 
instance, pellets showed around 12% less thermal conductivity and 20% more porosity 
after dehydration. During the dehydration operation, water molecules left the pellet, 
creating more voids where gas can pass through and thus increasing the permeability. 
Therefore, dehydrated pellets were having more internal void space compared to hydrated 
ones, thus having higher porosity and lower thermal conductivity. Due to the high specific 
heat capacity of water, hydrated pellets had up to 60% higher specific heat capacity 
compared to dehydrated ones.  
 
All of the tested pellets presented constant thermal performance and the thermal 
characterization of the pellets proved that the enthalpy of fusion obtain from the pellets 
was independent of the number of cyclic tests. 
 
Deliquescence is a major problem in THSS and solving this problem was one of the 
motives for this research. Pellets with different supportive materials were manufactured 
to address this issue. When the pellets (using only ENG as a supportive material) were 
exposed to a humid environment for a long time (over 6 months) deliquescence occurred, 
for that, several other supportive materials were used and the celite-molecular sieves pair 
was found to help pellets to keep its geometrical shape without showing deliquescence in 
h/d tests. However, those samples should be tested in a humid environment for more than 
this to confirm structural integrity. Due to the time limitations, pellets made in the 4th 




material development phase were only tested in h/d operations. Of the third stage 
development materials MSH/G+C (1:1) pellets showed promising results with the least 
amount of deliquescence, thus was used in scaled-up reactor level tests for Chapter 4. 
THS pellets are more likely to preserve their initial geometrical shape when they are 
compressed under high compression pressure (5.2 kN⋅mm−2), to best of our knowledge, 
effects of the compression pressure on the pellets were investigated for the first time with 
this research. 
 
3.5 Nomenclature for Chapter 3  
 
Abbreviations 
Symbol Definition  
A Amberlyst 
C Activated carbon 
CE Celite 
DSC Differential scanning calorimetry 
ENG Expanded natural graphite 
FS Fumed silica 
MSH Magnesium sulphate heptahydrate 
MT Magnesium trisilicate 
N Nanoclay 
SBH Strontium bromide hexahydrate    
TGA Thermogravimetric analysis 
THS Thermochemical heat storage 
THSS Thermochemical heat storage systems 
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4 Reactor Scale Test Results and Discussions 
 
For the reactor scale dynamic hydration and dehydration (h/d) tests, four different fixed 
bed reactors were designed; a tubular reactor in inline layout, a tubular reactor in a 
staggered layout, a packed bed reactor filled with pellets and a spiral reactor. Each reactor 
type went through several h/d cyclic tests and TGA and DSC tests were made to assess 
the advancement of the reaction at the end of each hydration or dehydration step. 
Throughout the h/d tests, inlet and outlet temperatures, relative humidity, pressure 
differences were recorded along with the mass change in the reactor to investigate the 
cyclic performance of the reactors. More detailed descriptions of the reactor designs can 
be found in Chapter 2, but a summary is below. 
 
We have utilized SrBr2·6H2O (SBH) instead of MgSO4·7H2O (MSH) due to its higher 
melting temperature (88.6 ˚C for SBH [1], 49.2 ˚C for MSH [2]) which was over our 
targeted dehydration temperature of 80 ˚C. This is especially important for these 
chemicals utilized in their powdered form as they do not have any other supportive 
material to keep them in place. SBH is acknowledged as a promising THS material and 
has been utilized alone in other studies in a closed system [3, 4]. However, we utilized 
SBH in an open system and in modular reactor design. It was utilized in the tubular 
reactors, which was designed in two different layouts, inline, and staggered. The reactor 
was designed in different layouts to investigate the reaction advancements and the 
pressure drop difference between the inlet and the outlet of the reactors. 148 identical 
meshed tubes were utilized for staggered stacks and 133 meshed tubes were used in inline 
stacks. Each reactor type was composed of four stacks with a total of 1.35 kg and 1.49 kg 
of SBH for the inline and staggered reactors respectively. Both reactors have a total 
volume of 3.9 x 10-3 m3 making the volumetric storage capacity 346 kg⋅m-3 and                  
382 kg⋅m-3 for the inline and staggered reactors respectively. 
 
The low melting temperature of MSH was noted as a major drawback for THSS [5]. 
However, composites made from MSH showed good potential for low-temperature heat 
storage [6, 7]. MSH/G+C (1:1) pellets were promising in our static tests (Chapter 3), 
therefore, MSH/G+C (1:1) pellets compressed at 5.2 kN⋅mm-2 were utilized in a fixed bed 




reactor. The total weight of the pellets was 3.37 kg with 75% of this mass being MSH and 
the total volume of the reactor was 8.64 x 10-3 m3, thus the volumetric storage capacity 
was 390 kg⋅m-3. The spiral model was utilized to maximize the volumetric storage 
capacity of the reactor. 2.33 kg of SBH was utilized in 2.65 x 10-3 m3 of spiral reactor 
space with 883 kg⋅m-3 volumetric storage capacity.  
 
4.1 Results of Static Tests and Material Development 
4.1.1 Inline Reactors Test results 
 
Inline tubular reactors were utilized in four cyclic, hydration and dehydration tests with 
using powdered SBH. Test conditions are presented in Table 4.1. Different airflow rates 
were utilized to investigate the effects of airflow velocity on reaction durations. Different 
temperatures and relative humidities were also utilized to inspect the difference in 
reaction advancement and the possibility of utilizing thermochemical materials in these 
certain climatic conditions. Each cyclic test was only made once due to time limitations.  
 
Table 4.1. Inline reactor hydration and dehydration test conditions. 












(Pa) Test Total 
1st   Dehydration 80 10 6 24 5 35 
Hydration 5 80 18 5 34 
2nd   Dehydration 80 10 7 27 3 30 
Hydration 5 80 20 3 30 
3rd   Dehydration 70 15 6 32 3 31 
Hydration 10 75 26 3 29 
4th   Dehydration 70 15 6 27 5 34 
Hydration 10 75 21 5 36 
 
Different operation conditions such as different temperatures, humidity, and flow 
velocities were used for hydration and dehydration characterizations (Table 4.1). 
Increasing the flow velocity from 3 m·s-1 to 5 m·s-1 caused a slight increase (around 5 Pa) 




in differential pressure between the outlet and inlet. This pressure increase was expected 
due to the reverse relation between the flow rate of compressible working fluid (air) and 
the differential pressure in Bernoulli’s principle [8, 9].  Overall, it was possible to 
complete the cyclic tests in 32 hours or less with the selected operating conditions. 
 
4.1.1.1 Inline Reactors Hydration and Dehydration Tests Mass Change 
Results 
 
The individual mass change of SBH in each reference tube inside of the four reactor 
stacks, top left (TL), top right (TR), bottom left (BL) and bottom right (BR) throughout 
the 1st, 2nd, 3rd and 4th cyclic tests is given in Figure 4.1, Figure 4.2, Figure 4.3 and Figure 
4.4 respectively. Figure 4.5 presents the average mass change of the 4 stacks. At the 
beginning of the first dehydration operation, the mass of the reactor and reference tubes 
are defined as 100% in the below figures and the presented changes in the mass are 
respective to this initial mass. The actual weights of the stacks and reference tubes are 
provided in Section 2.17.3. Figure 2.50 and Figure 2.51 show the location of the stacks 
and the reference tubes in the inline reactor. 
 





Figure 4.1. Inline reactors reference tubes mass change during the first cyclic test. 
 
 
Figure 4.2. Inline reactors reference tubes mass change during the second cyclic test. 






Figure 4.3. Inline reactors reference tubes mass change during the third cyclic test. 
 
 
Figure 4.4. Inline reactors reference tubes mass change during the fourth cyclic test. 






Figure 4.5. Inline reactors overall mass change during the cyclic tests. 
 
The various reference tubes (Figure 4.1, Figure 4.2, Figure 4.3, and Figure 4.4) showed 
similar mass changes, independent of the location of the tube. While the second reference 
tubes in the BL and TL stacks (BL-2 and TL-2) were always the first ones to face the 
airstream in the reactor and the fourth tubes of the BR and TR stacks (BR-4 and TR-4) 
were the last ones, this did not show up as a difference in their weight loss characteristics. 
However, some noticeable changes in the weight gains were found as the cycles 
progressed (Figure 4.3 - TL stack, Figure 4.4 - BL stack). These changes probably 
occurred because of the salt deposits blocking the pores of the meshed tubes after the 
dehydration cycle due to deliquescence. Figure 4.6 and Figure 4.7 shows the presence of 
salt on the outside of the tubes of the reactor stacks. Similar leakages of salt hydrates in 
other reactors were also recorded in the literature [10]. 
 





Figure 4.6. Front view of the reactor stacks after the 2nd dehydration test. 
 
 
Figure 4.7. Side view of the reactor stacks after the 2nd dehydration test. 
 
4.1.1.2 Inline Reactors Inlet and Outlet Temperature and Humidity 
Change During the Cyclic Tests 
 
Before the cyclic tests reaction chamber was tested empty-loaded and the recorded 
temperature and humidity in the reaction chamber were in good agreement with the set 
temperature and relative humidity as discussed in Appendix I.  





Figure 4.8, Figure 4.9, Figure 4.10, and Figure 4.11 presents the temperature difference 
(ΔT) and humidity ratio difference (ΔX) between the outlet and the inlet of the reactor 
throughout the cyclic tests. As described in Section 1.4, during the charging operation, 
hydrated salt absorbs heat and gets dehydrated, as a result, colder, and more humid air 
(compared to inlet airflow) leaves the reactor. During the discharging operation, 
dehydrated salt absorbs moisture from the air and increases the air temperature and 
decreases the moisture content. Therefore, temperature and mixing ratio difference in the 
reactor is measured and plotted to show the advancements in the reaction. Humidity ratios 
were calculated from the obtained temperature and the relative humidity as it is explained 
in Appendix G. The First part of the graphs presents the recorded data during the 
dehydration tests and the second part of the charts shows the data taken during the 
hydration tests as described in Figure 4.8.  
 
 
Figure 4.8. Inline reactors temperature differential (top) and humidity ratio differential 








For the first dehydration tests, inlet conditions were set to 5 m·s-1 airflow rate, 80 ˚C, and 
10% RH (29 g·m-3 absolute humidity, 30.5 gwater·kgdry air
-1 humidity ratio) and the 
differences between the inlet and outlet temperature and the humidity ratio are given in 
Figure 4.8. At the beginning of the dehydration reaction, the outlet temperature was 
around 7 ˚C less than the inlet and the outlet humidity ratio was around 3 gwater·kgdry air
-1 
more than the inlet. SBH releases its water content in an endothermic dehydration reaction 
and this causes a decrease in the outlet temperature and an increase in the humidity ratio.  
 
Conditions of 5 ˚C and 80% RH (5.4 g·m-3 absolute humidity, 4.3 gwater·kgdry air
-1 humidity 
ratio) were utilized for the hydration (discharging) tests and around 2 ˚C temperature 
increase with 0.5 gwater·kgdry air
-1 humidity ratio decrease was observed at the reaction 
chamber’s outlet at the beginning. During the hydration tests, chemicals absorb water 
from the working fluid (air) and release heat causing a decrease in humidity ratio and an 
increase in the temperature. As the reaction advanced the difference between the 
temperature and the humidity ratio become zero (Figure 4.8). Due to the small size of the 
reactor, its thermal mass was neglected at the beginning of the tests. Figure 4.9 presents 
the temperature and humidity ratio difference between the outlet and the inlet of the 
reactor during the 2nd cyclic tests. The humidity and temperature change track each other 
well. The temperature chart takes a little longer than the humidity plot to reach zero, 
which would be expected due to the reactor warming up, and slowly releasing its heat 
after the hydration reaction had stopped. 
 





Figure 4.9. Inline reactors temperature differential (top) and humidity ratio differential 
(bottom) between the outlet and the inlet during the 2nd cyclic test. 
 
During the second cyclic test, the same temperature and humidity parameters were 
utilized with the first cyclic test, except using a lower airflow velocity of 3 m·s-1. Lower 
airflow velocity was utilized to investigate its effect on the reaction period. The 
temperature difference at the beginning of the 2nd dehydration test was around 6 ˚C, 
approximately 1 ˚C less than the first dehydration cycle, and the humidity difference was 
around 1 gwater·kgdry air
-1 more than the 1st dehydration test. The dehydration test took 1 
hour more to complete compared to 1st dehydration operation, due to the low airflow 
which meant the moisture was slower to be removed. Figure 4.10 presents the temperature 
and humidity ratio difference between the outlet and the inlet of the reactor during the 3rd 
cyclic test. 
 





Figure 4.10. Inline reactors temperature differential (top) and humidity ratio differential 
(bottom) between the outlet and the inlet during the 3rd cyclic test. 
 
For the 3rd cyclic test 3 m·s-1 airflow velocity was utilized for both dehydration test (at 70 
˚C and 15% RH) and hydration test (at 10 ˚C and 75% RH). Up to a 4 ˚C temperature 
increase and 1.5 gwater·kgdry air
-1 humidity ratio decrease were observed at the outlet of the 
reaction chamber during the first 2 hours of hydration (Figure 4.10). The climatic chamber 
was needed to be stopped for small breaks of around 45 minutes in order to maintain the 
safe operation (protecting the chamber from overheating), the duration of these stops was 
excluded from the reaction time. 
 





Figure 4.11. Inline reactors temperature differential (top) and humidity ratio differential 
(bottom) between the outlet and the inlet during the 4th cyclic test. 
 
Figure 4.11 presents the temperature and humidity ratio difference between the outlet and 
the inlet of the reactor during the 4th cyclic tests. The outlet temperature was around 6 ˚C 
less than the inlet temperature at the beginning of the dehydration cycles and the 
temperature difference approached zero as the reaction advanced (Figure 4.8, Figure 4.9, 
Figure 4.10, and Figure 4.11 top images). The dehydration temperature change was 
similar to the mass change (Figure 4.5) of the reactor. However, during the hydration 
cycle, the temperature difference reached zero compared to the mass change, which took 
longer to reach the initial mass (Figure 4.5). This is probably due to smaller enthalpy 
changes in the latter stages of the re-hydration reaction. This phenomenon is also 
somewhat visible in ΔX changing rates. ΔX changing rates in hydration reactions were 
generally less than the change in the dehydration reaction as plotted in Appendix J.  
 
Overall, the first dehydration reaction had the lowest ΔT changing rate with around 0.8 
˚C/h compared to other dehydration operations. However, during the 1st and 3rd hydration 
ΔT changing rate was around 0.5 ̊ C/h which indicates that the hydration reaction can take 
a longer time than the dehydration reaction. 
 




Higher temperature increases were demonstrated in the literature compared to the 
observed increase in our hydration operations. Skrylnyk et al. [11] utilized a 20 ˚C inlet 
temperature and a 14 ˚C temperature increase was observed by using 2.2 kg of composite 
material (silica gel impregnated with calcium chloride) in a fixed packed bed reactor with 
an additional 49 L water storage tank (combined system). However, the reaction rate was 
much faster and only took 90 minutes compared to the present reactor, which took more 
than 10 hours to rehydrate.  
 
Gaeini et al. [12] used a 50 ˚C inlet temperature in a thermochemical heat storage system 
with 170 kg zeolite 13X for domestic hot water storage. They showed a constant 20 ˚C 
temperature increase during the discharging experiment for around 10 hours of operation. 
Alebeek et. al designed an open system THSS using 250 L zeolite 13X (more than 250 
kg) and reported around 20 ˚C temperature increase by using 13 ˚C hydration temperature 
[13]. Finck et al. [14], utilized 41 kg zeolite 5A in a closed system and showed around 8 
˚C average temperature increase at 20 ˚C inlet temperature. Michel et al. [15] developed 
an open system, large scale THSS by using 400 kg SBH and presented a maximum of 
around 10 ˚C temperature increase by using 25 ˚C hydration temperature. The above-
mentioned prototypes were significantly bigger than ours here and would allow for more 
accurate measurements.  Once a good candidate material was developed, the next stage 
would be to scale up to those levels.  
 
4.1.1.3 Inline Reactor DSC and TGA Results 
 
DSC and TGA tests were made for the sample taken from the inline reactor (BL-2 tube) 
after the cyclic tests. Figure 4.12 and Figure 4.13 presents the isothermal TGA and DSC 
charts respectively. Figure 4.14 and Figure 4.15 presents the ramp TGA and DSC charts 
respectively. 





Figure 4.12. Inline reactor isothermal TGA charts. The sample was heated at a 3 ˚C⋅min-
1 heating rate and then kept isothermal at 80 ˚C for 140 minutes. 
 
 
Figure 4.13. Inline reactor isothermal DSC plots at 3 ˚C⋅min-1 initial heating and 20 
ml⋅min-1 N2 flow rates and then held isothermal at 80 ˚C for 140 minutes.  
 
Isothermal DSC and TGA tests at 80 ˚C were made to investigate the completion of the 
hydration and the dehydration tests (Figure 4.12 and Figure 4.13). These showed the 
presence of some water molecules in the pellets after the drying treatment which should 
have been removed at the 80 ˚C dehydration temperature. The reason for this is not clear 
and may be due to clumping and insufficient mixing of the gas through the tubes. This 
would need to be improved for any commercial product.  






Figure 4.14. Inline reactor TGA charts after the hydration cyclic tests at a 3 ˚C heating 
rate from 20 ˚C to 300 ˚C. 
 
 
Figure 4.15. Inline reactor DSC charts after the hydration cyclic tests at a 3 ˚C⋅min-1 
heating rate from 0 ˚C to 300 ˚C with a 20 mL⋅min-1 N2 flow rate.  
 
Ramp DSC and TGA tests (Figure 4.14 and Figure 4.15) were made to investigate the 
possible changes in the chemistry of the utilized materials after the cyclic tests and the 
completion of the cyclic tests. DSC and TGA results did not indicate any chemical change 
in SBH after the cyclic tests. Hydrated SBH in powdered form lost 30.6% weight in the 
initial TGA characterization presented in Figure 3.22. Similar mass loss observed in 




Figure 4.14 was in agreement with the TGA results and it indicates the completion of the 
hydration operation. Additionally, the DSC and the TGA charts also in agreement with 
the inlet and outlet temperature and relative humidity change (Figure 4.12-15) which is 
also showing the completion of the cyclic tests.  
 
4.1.2 Staggered Reactors Test Results 
 
Similar to the inline stacks, staggered stacks were also designed by using meshed tubes 
and SBH as a THS material as shown in Figure 4.16. The staggered reactor was tested in 
four cyclic tests at similar operation conditions with the inline rector, Table 4.2 presents 
the operation conditions utilized.  
 
 

















Table 4.2. Staggered reactor hydration and dehydration test conditions. 










(Pa) Test Total 
1st   Dehydration 80 10 5 19 5 45 
Hydration 5 80 14 5 45 
2nd   Dehydration 80 10 9 33 3 42 
Hydration 5 80 24 3 41 
3rd   Dehydration 70 15 18 30 3 41 
Hydration 10 75 12 3 40 
4th   Dehydration 70 15 16 28 5 46 
Hydration 10 75 12 5 45 
 
Changing the flow velocity from 5 m·s-1 to 3 m·s-1 caused the differential pressure to drop 
from around 45 Pa to around 40 Pa as presented in Table 4.2. The staggered reactor’s 
hydration and dehydration reaction durations were similar to the inline reactor under the 
same operating conditions. However, the pressure difference between the inlet and the 
outlet of the reaction chamber was around 10 Pa more compared to the inline rector. This 
increase was expected because, in the same stack volume, there were more tubes installed 
in series in the staggered stacks compared to inline ones, this could cause an increase in 
the differential pressure. The cyclic tests took a similar time to complete as in the inline 
reactors.  
 
4.1.2.1 Staggered Reactors Hydration and Dehydration Tests Mass 
Change Results 
 
Figure 4.17, Figure 4.18, Figure 4.19 and Figure 4.20 present the mass change of the 
staggered stacks throughout the first, second, third, and the fourth cyclic tests 
respectively. Figure 2.50 and Figure 2.51 show the location of the stacks and the reference 
tubes in the staggered reactor. 
 





Figure 4.17. Staggered reactors reference tubes mass change during the 1st cyclic test. 
 
 
Figure 4.18. Staggered reactors reference tubes mass change during the 2nd cyclic test. 
 





Figure 4.19. Staggered reactors reference tubes mass change during the 3rd cyclic test. 
 
 
Figure 4.20. Staggered reactors reference tubes mass change during the 4th cyclic test. 
 
The reference tubes lost around 28% of their mass after the dehydration operation, which 




they regain during the hydration operation. The position of the reference tubes in the 
stacks did not affect the overall mass change characteristics of the tubes, though BL5 
lagged a little behind the others on the dehydration swing with around 5% less mass 




Figure 4.21. Staggered reactors overall mass change during the cyclic tests. 
 
The dehydration operations were stopped after observing no further mass decrease. 
Hydration operations were stopped after reaching about 100% of the initial mass in order 
to try and prevent overhydration and deliquescence. The overall mass changes of the 
staggered reactor were similar to the reference tubes installed in the four stacks. As shown 
in Figure 4.21, the staggered reactor lost its 25% of weight during the dehydration 
operations, and the first dehydration test was the fastest one, which took 5 hours to 
complete the dehydration at 80 ˚C, 10% RH and 5 m·s-1 airflow velocity, this was 
expected because 5 m·s-1 was the fasted flow velocity used in h/d tests and the flow 
velocity of the working fluid is directly linked to heat transfer rates as showed in Equation 
1.2. The 2nd hydration operation was the longest and the reactor took 24 hours to reach its 
initial weight at 5 ˚C and 80% RH settings, where 3 m·s-1 airflow velocity was used. 
Similar to the inline reactors chemicals accumulated outside of the tubes as presented in 
Figure 4.22 due to some deliquescence. This accumulation started just after the first 
dehydration cycle and that might be the reason for the small differences in the individual 
mass change observed during the hydration and dehydration cycles presented in Figure 




4.17-4.24. Although the different testing conditions were used for each cycle, SBH in the 
reactor was able to complete its cyclic h/d as the mass of the reactor that was lost during 
the dehydration cycle was regained at the end of each hydration operation. 
 
 
Figure 4.22. Staggered reactor stacks after the first dehydration test. 
 
 
4.1.2.2 Staggered Reactors Inlet and Outlet Temperature and Humidity 
Change During the Cyclic Tests 
 
Figure 4.23-4.30 presents the measured inlet and outlet temperature and calculated 
humidity ratio difference during the four cyclic tests of the staggered tubular reactor. 
 





Figure 4.23. Staggered reactors temperature differential (top) and humidity ratio 
differential (bottom) between the outlet and the inlet during the 1st cyclic test. 
 
For the first dehydration test, inlet air conditions were at 80 ˚C and 10% RH,  and a 5 m·s-
1 airflow velocity. Around a 5 ˚C temperature decrease was observed at the outlet of the 
reaction chamber (Figure 4.23). The inlet air conditions used for the first hydration test 
were 5 ˚C and 80% RH and the increase at the outlet temperature was 4 ˚C at the 
beginning, which fell to around zero after 7 hours of hydration. Changes in Δx values 
were similar to the changes in the temperature profile throughout the first cyclic test. 
 





Figure 4.24. Staggered reactors temperature differential (top) and humidity ratio 
differential (bottom) between the outlet and the inlet during the 2nd cyclic test. 
 
For the second cyclic test (Figure 4.24), the same inlet temperature and relative humidity 
were utilized with the first cycle at a lower airflow velocity of 3 m·s-1. The temperature 
difference between the inlet and the outlet became zero after 8 hours of dehydration, 
which was 3 hours longer than the first dehydration test. Around 5 gwater·kgdry air
-1 increase 
and around 1.5 gwater·kgdry air
-1 decreases were observed at the beginning of the second 
dehydration and hydration tests respectively. 
 





Figure 4.25. Staggered reactors temperature differential (top) and humidity ratio 
differential (bottom) between the outlet and the inlet during the 3rd cyclic test. 
 
Conditions of 70 ˚C (10%  RH) and 10 ˚C (75% RH) were utilized for the 3rd dehydration 
and hydration tests respectively at an airflow velocity of 3 m·s-1. During the tests, the 
climatic chamber overheated and shut itself a couple of times, thus the fluctuations 
observed in Figure 4.25. Nevertheless, a clear temperature and humidity ratio profiles 
were observed and more than 3 ˚C temperature increase and around 0.8 gwater·kgdry air-1 
humidity ratio decrease were observed at the first two hours of the hydration test. 
 





Figure 4.26. Staggered reactors temperature differential (top) and humidity ratio 
differential (bottom) between the outlet and the inlet during the 4th cyclic test. 
 
The same temperature and relative humidity with the 3rd cyclic test and a higher airflow 
velocity of 5 m·s-1 were utilized for the 4th cyclic test. Figure 4.26 presents the temperature 
differential and humidity ratio difference during the 4th  dehydration and hydration cyclic 
tests. At the beginning of each dehydration test, the outlet temperature was about 5 ˚C 
less than the inlet temperature and during the hydration cycle, outlet temperature was 
more than 1 ˚C more compared to the inlet temperature, indicating the successful 
hydration reaction. The observed temperature and humidity ratio changes in hydration 
reactions were not much different than for the inline reactors. For example, for the 
hydration reactions, ΔX changing rates were generally less than 0.5 gwater·Kgdryair
-1 for all 
reactor types and ΔT changing rates were generally less than 0.5 ˚C/h as showed in 









4.1.2.3 Staggered Reactors DSC and TGA Results 
 
Figure 4.27 and  Figure 4.28 present the isothermal TGA and DSC charts at 80 ˚C. 
Samples were collected from BL2 tube (bottom left stack 2nd reference tube) after the 1st 
and 4th cyclic tests and were tested using TGA and DSC. 
 
 
Figure 4.27. Staggered reactor isothermal TGA charts. The sample was heated at a 3 
˚C⋅min-1 heating rate and then kept isothermal at 80 ˚C for 140 minutes. 
 
  
Figure 4.28.  Staggered reactor isothermal DSC plots at 3 ˚C⋅min-1 initial heating and 20 
ml⋅min-1 N2 flow rates and then held isothermal at 80 ˚C for 140 minutes. 
 




The isothermal TGA chart (Figure 4.27) showed a ca.  25% mass decrease from the 
samples taken from the stacks after the first hydration cycle, this is similar to the initial 
isothermal TGA test (Figure 3.23) made for the hydrated SBH. This similar mass change 
indicating a complete re-hydration of the chemicals. However, the dehydrated isothermal 
TGA and DSC tests (Figure 4.27 and Figure 4.28) show the loss of further water 
molecules from the salts, suggesting the reactor is much slower to dehydrate than TGA 
or is less able to remove the same amount of water. This may be a function of airflow, as 
the small TGA sample (ca. 20 mg) has access to a larger relative amount of air, and so 
maybe easier to dehydrate. Nonetheless, the temperature and humidity ratio differences 
between the inlet and outlet approached zero at the end of the dehydration test (Figure 
4.23 and Figure 4.26) indicating the completion of the cycles. Additionally, mass change 
graphs (Figure 4.21) were in good agreement with the temperature and humidity ratio 
changes, indicating successful dehydration of the chemicals. Figure 4.29 presents the 
ramp TGA charts of the cycles of the staggered reactor. 
 
 
Figure 4.29. Staggered reactor TGA charts after the hydration cyclic tests at a 3 ̊ C heating 
rate from 20 ˚C to 300 ˚C. 
 
Figure 4.29 presents some differences in the hydration level of the samples taken from 
the cyclic tests of the staggered reactor. It is expected from hydrated SBH to lose around 
30% of its initial mass in the ramp TGA tests (Figure 3.22). This was the case for the 3rd 
and 4th hydration tests. However, the sample taken from the staggered stacks after the first 
hydration cycle exhibited a 25% mass decrease, indicating the chemicals were partially 




hydrated and were in pentahydrate form.  
 
4.1.3 Test Results of Fixed Bed Reactor Filled With THS Pellets 
 
MSH/G+C (1:1) pellets, which were previously characterized in static h/d cyclic tests, 
were utilized for the fixed bed reactor. Pellets were tested in a fixed bed reactor operating 
under an open system. The dehydration temperatures of 80 ˚C and 70 ˚C, the hydration 
temperatures of 5 ˚C and 10 ˚C were utilized. Detailed hydration and dehydration test 
conditions are presented in Table 4.3.  
 
Table 4.3. Fixed bed reactor with pellets hydration and dehydration test conditions. 









1st   Dehydration 70 10 75 234 3 
Hydration 5 80 159 3 
2nd   Dehydration 80 10 16 242 5 
Hydration 10 70 226 5 
 
4.1.3.1 Hydration and Dehydration Tests Mass Change Results 
 
Five pellets (taken from the middle of the front, back, right, and left sides of the reactor’s 
top shelf and the one in the center) were selected as reference pellets as described in 
section 2.17.4 and their mass was measured individually and together with the reactor. 
Figure 4.30 and Figure 4.31 presents the mass change during the first and the second 
cyclic tests respectively. 
 
 









Figure 4.31. Second hydration and dehydration tests of the fixed bed reactor filled with 
pellets. 
 
A higher dehydration temperature of 80 ˚C and an airflow rate of 5 m·s-1, compared to 70 
˚C and 3 m·s-1 used in 1st cyclic test, were used for the second dehydration test to 
investigate the reaction periods and the total dehydration duration was decreased to 16 




hours from 75 hours. The increased temperature and the flow rate have accelerated the 
reaction and cause this noticeable decrease in the dehydration period. On the other hand, 
compared to the first hydration tests, there was a considerable increase in the hydration 
duration in the second cycle after increasing the inlet hydration temperature and relative 
humidity by 5 ˚C and 10% RH. It is unlikely for operation conditions to cause this big 
increase in the hydration durations between the two cycles, perhaps changes in the pellet’s 
porosity or make-up catalyzed this increase. The fixed bed reactor after the first hydration 
and the second hydration tests are presented in Figure 4.32 and Figure 4.33 where the 
geometric changes of the pellets are visible. 
  
 
Figure 4.32. Pellets after the first hydration and dehydration test. 
 





Figure 4.33. Pellets after the second hydration and dehydration test. Front view on top 
and the top view on the bottom. 
 
As presented in the above figures, the pellets’ geometry was altered during the cyclic 
tests, and especially after the second cyclic test most of the empty spaces in the reactor 
were filled with the pellet material which might slow the gas diffusion and reaction 
process. 
 
4.1.3.2 Change in the Temperature and Humidity Ratio Profiles 
 
We started to have equipment problems at the beginning of the h/d tests of the reactor 
filled with MSH/G+C (1:1) pellets. Firstly, a malfunction in the temperature and humidity 
probe (the one located in the climatic chamber’s duct) and in its controller in the climatic 
chamber was noticed at the end of the first hydration test. Then close to the end of the 
2nd hydration test, the climatic chamber’s humidifier burned out. The data also became 
noticeably noisier during this time. At first, we thought the source of this noise in the 




measurements was because of the malfunction of the climatic chamber’s internal 
instruments. However, after fixing and replacing the malfunctioning parts of the climatic 
chamber similar problems were continued in the second hydration test and it was found 
that the sensors were started to be affected by the chemicals and were beginning to 
corrode due to the salts [16]. As it was not possible to re-calibrate the sensors at that time, 
new sensors were ordered but did not arrive in time. While the following data is less 
reliable, they are presented here for completeness, and for allowing qualitative 
comparisons. 
 
First dehydration, first hydration, second dehydration, and second hydration charts are 
given in Figure 4.34, Figure 4.35, Figure 4.36, and Figure 4.37 respectively. Due to the 
noise, the hydration and dehydration charts are presented separately and instead of giving 
the average values per 15 minutes, all recorded data is presented. 
 
 
Figure 4.34. Fixed bed reactor filled with pellets, 1st dehydration test inlet, and outlet 
temperature difference on top, humidity ratio difference on the bottom. 
 





Figure 4.35. Fixed bed reactor filled with pellets, 1st hydration test inlet, and outlet 
temperature difference on top, humidity ratio difference on the bottom. (A malfunction 
in the climatic chamber’s controller caused a triggering problem in the humidifier, which 
caused this fluctuation in the differential humidity ratio, the controller was replaced after 
realizing the problem).  
 
  
Figure 4.36. Fixed bed reactor filled with pellets, 2nd dehydration test inlet, and outlet 
temperature difference on top, humidity ratio difference on the bottom. 
 





Figure 4.37. Fixed bed reactor filled with pellets, 2nd hydration test inlet, and outlet 
temperature difference on top, humidity ratio difference on the bottom (humidifier was 
burned out after the 2nd hydration tests it is likely that it was turning on and off during the 
hydration operation and causing this noise in differential humidity ratio).  
 
The above graphs indicate the reactions were successfully advanced since the temperature 
difference between the inlet and the outlet approached zero as the hydration and 
dehydration reactions were progressed. For the first dehydration test, inlet conditions 
were set to 70 ˚C, 10% RH, and 3 m·s-1 airflow velocity, for the second dehydration test 
they were set to 80 ˚C, 10% RH, and 5 m·s-1. During the first dehydration cycle, after 
around 50 hours of operation, the temperature difference between the outlet and the inlet 
was zero (Figure 4.34), but it took only around 10 hours for the second dehydration test 
to reach zero temperature difference.  
 
The temperature difference between the inlet and the outlet was not equal at the end of 
the second hydration test (presented in Figure 4.37). However, this does not necessarily 
indicate unfinished hydration, and perhaps the above-mentioned instrument malfunction 
caused this issue as it contradicts the mass change chart (Figure 4.31). Additionally, the 
humidity ratio showed a small difference between the inlet and the outlet, perhaps for 
similar reasons. 
 




4.1.3.3 DSC and TGA Results. 
 
TGA and DSC tests were made for the samples taken from the pellets inside of the fixed 
bed reactor. Isothermal cyclic TGA and DSC charts are presented in Figure 4.38 and 
Figure 4.39 respectively.  
 
 
Figure 4.38. Fixed bed reactor filled with pellets, isothermal TGA charts. The sample was 
heated at a 3 ˚C⋅min-1 heating rate and then kept isothermal at 80 ˚C for 140 minutes. 
 
 
Figure 4.39. Fixed bed reactor filled with pellets isothermal DSC plots at 3 ̊ C⋅min-1 initial 
heating and 20 ml⋅min-1 N2 flow rates and then held isothermal at 80 ˚C for 140 minutes.  
 
Isothermal DSC and TGA charts illustrate a near-complete hydration and dehydration 
tests.  Samples taken from the dehydrated pellets showed small change (only around 2%) 
at 80 ˚C (Figure 4.38) and considerably low heat of fusion (Figure 4.39). Isothermal DSC 
charts of MSH/G+C (1:1) pellets showed a similar two peaks with the pure MSH’s 




isothermal tests (Figure 3.21). After 2nd hydration, the sample showed a shift towards a 
higher temperature with a lower endothermic peak, which suggests recrystallization of 
the salt within the composite. Because, the salt with a high crystallinity tends to form a 
lower endothermic peak with a larger width due to the phenomenon called ρ relaxation, 
the effect of the detrapping/trapping of the free electrons in the crystalline structure, 
causing defects in crystals thus increasing the configurational entropy and changing the 
Gibbs free energy, which can be defined as the difference between the enthalpy change 
and the entropy change in the reaction  [17, 18, 19]. Figure 4.40  presents the ramp TGA 
and DSC results. 
 
 
Figure 4.40. Fixed bed reactor filled with pellets, TGA charts after the hydration cyclic 
tests at a 3 ˚C heating rate from 20 ˚C to 300 ˚C. 
 
Initially, hydrated MSH/G+C (1:1) pellets were tested in TGA and DSC tests (Figure 
3.25) where around 32% mass decrease was observed. A similar mass loss was observed 
from the samples taken from the pellets as presented in Figure 4.40. This is a strong 
indication for the completion of the hydration tests. Additionally, the temperature 
difference in the reactor, showed in Figure 38-41 also indicates the completion of the 
cyclic h/d tests similar to the DSC and TGA result.  
 
4.1.3.4 Differential Pressure Results 
 
Figure 4.41 and Figure 4.42 presents the pressure differences measured during the cyclic 
tests for the fixed bed reactor filled with the pellets. 






Figure 4.41. The pressure difference between the outlet and the inlet of the fixed bed 
reactor during the first hydration and dehydration tests. The airflow rate was 3 m·s-1. 
 
 
Figure 4.42. The pressure difference between the outlet and the inlet of the fixed bed 
reactor during the second hydration and dehydration tests. The airflow rate was 5 m·s-1. 
 
Differential pressure between the outlet and the inlet of the reactor was around 49 Pa in 
the first hydration and dehydration tests where the flow velocity was 3 m·s-1 (Figure 4.41). 
During the second hydration and dehydration test differential pressure was increased to 
around 80 Pa under 5 m·s-1 flow velocity. In addition to the higher flow velocity, it’s likely 
for the expanded pellets as in Figure 4.33 to contribute to this pressure increase because 
the empty space in the reactor is reduced after the expansion of the pellets and the 
differential pressure is linked to the void volume of the reactor [20]. 
 




4.1.4 Test Results of the Spiral Reactor 
 
SBH in powdered form was utilized as a THS material in the spiral reactor as described 
in section 2.17.5. Two hydration and dehydration tests were made for the spiral reactor. 
Table 4.4 present the utilized conditions for hydration and dehydration tests. 
 
Table 4.4. Spiral reactor hydration and dehydration test conditions. 









1st   Dehydration 80 10 37 228 5 
Hydration 5 80 191 5 
2nd   Dehydration 70 15 152 319 3 
Hydration 10 75 167 3 
 
80 ˚C, 10% RH, and 5 m·s-1 air velocity were utilized for the first dehydration test and it 
took 37 hours to complete the dehydration cycle. However, after using 70 ˚C, 15% RH, 
and 3 m·s-1 air velocity dehydration duration was increased to 152 hours. Lower airflow 
velocity and temperature would have caused this increase in dehydration duration. Also, 
there was about 25 hours increase in the hydration time in the second test after utilizing a 
lower flow velocity and higher temperature compared to the first hydration test. 
 
 
4.1.4.1 Spiral Reactor Hydration and Dehydration Tests Mass Change 
Results 
 
Mass changes of the SBH in the spiral reactor during the first and the second hydration 
and dehydration tests are presented in Figure 4.43. The climatic chamber started to shut 
itself down randomly and each shut down was marked with orange points in the below-
given plots. After the first shut down in the 1st dehydration cycle, experiments were 
stopped and the reactor was contained in a hermetic bag for the maintenance of the 
climatic chamber. Although attempts were made to fix the chamber by using different 




PID controlling software and replacing its relays, the climatic chamber continued to stop.  
 
 
Figure 4.43. First and second cyclic tests of the spiral reactor. The climatic chamber shut 
itself down due to overheating on marked orange points for 15 minutes. 
 
In the first dehydration test, there was a rapid mass decrease after the first 3 hours of the 
dehydration test (Figure 4.43-top graph) and most of the dehydration was completed in 3 
hours before pausing the experiments for the maintenance. Following the maintenance,  
and reaching 80 ˚C, 10% RH, the reactor was linked to the chamber however it was found 
that the relay controlling the chamber’s fan was damaged thus the reactor stayed in static 
conditions (80 ˚C, 10% RH without airflow) for a couple of hours and did not show any 
mass decrease until the relay was replaced. 
 
SBH in the reactor lost around 25% of its mass after the dehydration tests and regain this 
mass during the hydration tests. Hydration tests were stopped after reaching the initial 
mass of the chemicals in order not to cause deliquescence problems. After around 164 
hours of the second hydration (316 hours from the beginning of dehydration) SBH started 
to leak outside of the reactor as presented in Figure 4.44. However, the experiment was 
 




continued to reach the initial mass of the reactor since the mass of leaked chemicals was 
small (less than 6 g). 
 
 
Figure 4.44. SBH leakage after the 2nd hydration cycle. 
 
4.1.4.2 Spiral Reactor Inlet and Outlet Temperature and Humidity 
Change During the Cyclic Tests 
 
As explained before, after replacing the climatic chamber’s faulty temperature and 
humidity probe, its controller and humidifier, a similar noise was observed in the 
temperature and humidity measurements. As the climatic chamber’s instruments were 
failing, noise in results was attributed to these problems at the beginning. When the 
corrosion problem on the sensors was understood as a root cause of the noisy results, the 
1st cyclic test was almost finished. Due to the limited available time sensors were cleaned 
with the manufacturer’s guidance and the 2nd cycle was conducted. Although the humidity 
measurements started to be not very accurate due to the corrosion (Figure 4.45), absolute 
values of the temperature sensor were still showing good results as presented in Figure 
4.46. 
 





Figure 4.45. 1st dehydration operation inlet and outlet relative humidity. 
 
 
Figure 4.46. 1st dehydration operation inlet and outlet temperatures. 
 
The reactor’s inlet and outlet temperature and humidity ratio difference during the cyclic 
tests are presented in Figure 4.47, Figure 4.48, Figure 4.49, and Figure 4.50. 
 





Figure 4.47. The spiral reactor, 1st dehydration test inlet, and outlet temperature difference 
on top, humidity ratio difference on the bottom.  
 
 
Figure 4.48. The spiral reactor, 1st hydration test inlet, and outlet temperature difference 
on top, humidity ratio difference on the bottom.  
 
During the first dehydration cycle (Figure 4.47), the outlet temperature was around 8 ˚C 
less than the inlet temperature, 80 ˚C. As the dehydration reaction advanced, the 
temperature difference in the reactor’s inlet and the outlet was reduced and stayed at 
around 2 ˚C until the end of the reaction (Figure 4.47). A somewhat increasing humidity 
ratio trend was observed during the 1st hydration test (Figure 4.48), the hydration reaction 
advanced and the difference in the humidity ratio become zero after around 100 hours of 
hydration operation.  






Figure 4.49. The spiral reactor, 2nd dehydration test inlet, and outlet temperature 
difference on top, humidity ratio difference on the bottom.  
 
 
Figure 4.50. The spiral reactor, 2nd hydration test inlet, and outlet temperature difference 
on top, humidity ratio difference on the bottom.  
 
The inlet conditions of 70 ˚C, 15% RH for the second dehydration, and 10 ˚C, 75% RH 
for the second hydration were utilized with 3 m·s-1 airflow velocity. The temperature 
difference between the inlet and outlet became almost zero at the end of the second 
dehydration test, indicating the end of the dehydration reaction (Figure 4.49).  
 
As Figure 4.50 shows, the outlet temperature was more than 1 ˚C higher than the inlet 




temperature in the first 30 hours of the 2nd hydration test. Although there were visible 
fluctuations in the humidity ratio difference in the charts plotted for the first hydration 
and dehydration tests, most of the plotted humidity ratio charts were in agreement with 
the temperature difference charts.  
 
4.1.4.3 Spiral Reactor DSC and TGA Results 
 
At the end of the first and second hydration and dehydration tests, samples were collected 
from the inlet of the reactor for the TGA and the DSC characterizations. Figure 4.51 and 
Figure 4.52 presents the isothermal TGA and DSC charts and Figure 4.53 and Figure 4.54 
presents the ramp DSC and TGA charts. 
 
 
Figure 4.51. The spiral reactor isothermal TGA charts. The sample was heated at a 3 
˚C⋅min-1 heating rate and then kept isothermal at 80 ˚C for 140 minutes. 
 





Figure 4.52. The spiral reactor isothermal DSC plots at 3 ˚C⋅min-1 initial heating and 20 
ml⋅min-1 N2 flow rates and then held isothermal at 80 ˚C for 140 minutes. 
 
Isothermal TGA tests, conducted at 80 ˚C (Figure 4.51) show the dehydrations were 
almost reached the maximum advancement at 80 ˚C as there was not any important mass 
change in the samples taken from the reactor after the tests. Additionally, 25% mass 
change observed after the 1st and 2nd hydration tests. This 25% mass change was in good 
agreement with the isothermal TGA tests of SBH where around 26% of the mass decrease 
was observed from SBH (previously plotted in Figure 3.23). These findings indicate 
completion of the hydration and dehydration reactions. 
 
Figure 4.53. The spiral reactor TGA charts after the hydration cyclic tests at a 3 ̊ C heating 
rate from 20 ˚C to 300 ˚C. 






Figure 4.54. The spiral reactor DSC charts after the hydration cyclic tests at a 3 ˚C⋅min-1 
heating rate from 0 ˚C to 300 ˚C with a 20 mL⋅min-1 N2 flow rate. 
 
Although the isothermal DSC charts (Figure 4.52) indicated a noticeable heat of fusion 
from the dehydrated samples, ramp TGA and DSC charts (Figure 4.53 and Figure 4.54) 
show around 7% mass decrease and 0.5 W·g-1 heat of fusion peak respectively for the 
dehydrated samples only after 150 ˚C. This 7% mass change indicates 5 molecules of 
water removal was completed in the dynamic dehydration tests, similar to reactors tested 
in the literature [4]. 
 
4.1.4.4 Spiral Reactor, Differential Pressure Results 
 
Differential pressure between the inlet and the outlet of the spiral reactor was recorded 
during the first and the second cyclic tests and presented in Figure 4.55 and Figure 4.56 
respectively. 
 





Figure 4.55. The pressure difference between the outlet and the inlet of the spiral reactor 
during the first hydration and dehydration tests. The airflow rate was 5 m·s-1. 
 
 
Figure 4.56. The pressure difference between the outlet and the inlet of the spiral reactor 
during the second hydration and dehydration tests. The airflow rate was 3 m·s-1. 
 
Differential pressure was about 105 Pa when the airflow velocity was 5 m·s-1 and it was 
dropped to around 90 Pa after decreasing the airflow velocity to 3 m·s-1. For both of the 
utilized airflow velocities, the spiral reactor exhibited the highest pressure drop compared 
to other reactor types tested. However, due to the overall absolute small pressure drop, it 
is unlikely for reactions to be affected by this pressure difference. It is also notable that 
the differential pressure was about zero when the climatic chamber’s fan was stopped 
operating for about 5 hours during the first dehydration test. 
 
 




4.1.5 Total Heat Output 
 
Table 4.5 summarizes the total expected heat output and the total measured heat output 
of the reactors tested. Total expected heat output was calculated by multiplying the 
enthalpy change (obtained by integrating the endothermic peak in the isothermal DSC 
tests) and the mass of the chemicals. 1.35 kg, 1.49 kg, and 2.33 kg of SBH were utilized 
in inline tubular, staggered tubular and spiral reactor respectively. 3.37 kg of MSH/G+C 
(1+1) pellets were used in the fixed-bed reactor. The total expected volumetric heat output 
was calculated by dividing the total expected heat output with the reactor’s volume. The 
reactor’s volume was 0.003893 m3 for the tubular reactor and 0.00864 m3 and 0.00265 
m3 for the reactor filled with pellets and the spiral reactor respectively. 
 
To calculate the total heat output from the reactors, heat flow charts were plotted as 
described in Appendix K. Then by integrating those charts the total heat output was 
calculated. Integration was made from the beginning of the hydration reaction to the point 
where the inlet and outlet temperature were equal. For a fixed bed reactor filled with 
pellets and the spiral reactor, inlet and outlet temperature did not equilibrate likely 
because of the instrumental issues. Thus the integration was made from beginning to the 
end of the hydration operation, which is why the calculated total heat output was 


















































5 ˚C, 80% RH, 5 m∙s-1 863 26 0.32 83 2.66 683 
10 ˚C, 75% RH, 5 m∙s-1 819 25 0.31 79 5.92 1521 
Staggered 
stacks 
5 ˚C, 80% RH, 5 m∙s-1 880 26 0.36 94 4.90 1259 
10 ˚C, 75% RH, 5 m∙s-1 851 26 0.35 91 3.46 889 
Reactor 
with Pellets 
5 ˚C, 80% RH, 3 m∙s-1 606 23 0.57 66 8.73 1010 
10 ˚C, 70% RH, 5 m∙s-1 717 26 0.67 78 25.29 2927 
Spiral 
reactor 
5 ˚C, 80% RH, 5 m∙s-1 845 25 0.55 207 69.56 26249 
10 ˚C, 75% RH, 3 m∙s-1 891 25 0.58 218 12.79 4826 
1 The total enthalpy change obtained by the integration of the endothermic peak in the isothermal (at 80 ˚C) DSC 
curve. For isothermal DSC tests, samples were heated at 3 ˚C⋅min-1 initial heating and 20 ml⋅min-1 N2 flow rates and 
then held isothermal at 80 ˚C for 140 minutes. 
2  Weight loss obtained from the isothermal TGA tests, samples were heated at a 3 ˚C⋅min-1 heating rate and then kept 
isothermal at 80 ˚C for 140 minutes. 
 
Overall, more than 2 kWh of total heat output was achieved by using the designed 
reactors. In Chapter 3, 1022 J⋅g-1, 34.9% (Figure 3.21), and 792.7 J⋅g-1, 24.6% (Figure 
3.23) for the enthalpy change, and mass change were measured from the isothermal DSC 
and TGA tests of MSH and SBH respectively. MSH/G+C (1:1) was composed of 75% 
MSH thus it was expected to have an enthalpy change of 766.5 J⋅g-1 and a 26% mass 
decrease for the pellets. Pellets hydrated at 10 ˚C, 70% RH showed 717 J⋅g-1 enthalpy 
change and 26% mass decrease indicating almost complete hydration with the addition of 
4.5 molecules of water. However, isothermal TGA tests suggest that the pellets were 
partially hydrated at 5 ˚C, 80% RH with around acquiring 4 molecules of water.  
 
Reactors utilizing SBH showed similar enthalpy change and mass loss (in the isothermal 




TGA tests) with the previous tests (Figure 3.23), indicating the hydration reactions were 
completed and the chemicals reached its hexahydrate form. 
 
Although the total volumetric heat outputs were significantly higher than the expected 
values calculated by using the enthalpy change in the isothermal DSC tests, it was 
somewhat similar to the literature. Van essen [21] utilized MSH and showed more than 
610 kWh⋅m-3 volumetric heat storage capacity by using a low-grade heat source (< 150 
˚C). Using our pellets, we should be able to achieve 75 % of this value (around 457.5 
kWh⋅m-3 volumetric heat storage) based on the MSH proportion in the pellet. Pellets 
hydrated at 5 ˚C, 80% RH showed about the twice of this volumetric heat storage value 
presented in the literature. It is not clear what is causing the large difference between the 
calculated and measured heat outputs. While the isothermal DSC test does not quite 
mimic the reactor temperature profile and may be causing some errors [22], this would 
not be big enough. A large source of potential error in the calculations is if the air flow 
through the reactor under operation is slower than assumed, however, it was checked 
several times under simulated conditions (see Appendix L). 
 
A SBH-G pair was also utilized in a lab-scale prototype in the literature and more than  
250 kWh⋅m-3 heating storage capacity was achieved [23, 24]. Previous research showed 
over 400 kWh⋅m-3 energy storage density by using SBH in a fixed bed reactor design [1]. 
About 1.5-3 times higher volumetric storage density than the literature was observed 
using the tubular reactors. Possibly due to the instrumental problems, the inlet and outlet 
temperature did not reach equilibrium during the spiral reactor tests (and also during the 
last cycle of the fixed bed reactor filled with pellets) and this may the reason for the 













4.2 Nomenclature for Chapter 4  
 
Abbreviations 
Symbol Definition (Units) 
C Activated carbon 
DSC Differential scanning calorimetry 
G Expanded natural graphite 
h/d Hydration and dehydration 
MSH Magnesium sulphate heptahydrate 
SBH Strontium bromide hexahydrate    
TGA Thermogravimetric analysis 
THS Thermochemical heat storage 
THSS Thermochemical heat storage systems 
 
Roman and Greek symbols 
Symbol Definition (Units) 
E Energy (kWh) 
P Pressure (inH2O, Pa or mbar) 
t Time (s) 
T Temperature (˚C) 
v Airflow velocity (m·s-1) 
x Humidity ratio (gwater·Kgdryair
-1) 
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The aim of this research was to solve the deliquescence problem in pure SBH and MSH 
by using supportive materials. When solving this problem it is important to make 
structurally stable THS pellets that could be used in multicycle operation under NZ 
climatic conditions.  To evaluate the heat storage potential of all the thermochemical 
materials, mass changes during the hydration and dehydration cycles and the enthalpy of 
fusion of the manufactured pellets were investigated. Comparisons were made to 
understand the effect of using expanded natural graphite, molecular sieves, activated 
carbon, celite, and other hydrophilic chemicals as supportive media. Table 5.1 presents 
the changes in the permeability, porosity, and thermal conductivity of the composite 
pellets compared to pellets manufactured without any supportive material. Both 
permeability and thermal conductivity results obtained during the experiments were 
similar to the literature values where different salt hydrates were utilized [1]. However, 
these are the first results prepared with combined host matrixes, compressed at different 
compression pressures, to illustrate the changes in their material properties such as 
thermal conductivity, permeability, and porosity.  
 
Table 5.1.  Changes in the measured parameters of some composite pellets over pellets of 




MSH/G+C (1:1)  
Increase (%) 
SBH/G+C (1:1)  
Increase (%) 
MSH/G+C (1:1)  
Dehydrated 
Increase (%) 




Permeability 30 257 44 264 
Porosity 20 14 37 36 
Thermal Cond. 86 212 65 153 
2.6 
Permeability 40 276 50 282 
Porosity 20 12 35 36 
Thermal Cond. 119 268 97 197 
3.9 
Permeability 39 238 46 243 
Porosity 17 13 34 33 
Thermal Cond. 148 314 120 236 
5.2 
Permeability 18 275 21 280 
Porosity 17 12 29 33 
Thermal Cond. 201 350 166 264 
 
Although the porosity and permeability of the pellets were increased after using 
supportive materials, permeability and porosity increasing rates were always different. 




This could be because of differences in the distribution and size of the pores. Although 
compressing SBH and MSH theoretically increases the volumetric energy storage 
capacity, pellets of SBH and MSH did not show long term suitability for THSS due to the 
major changes that occurred in their geometry after cyclic tests. Pellets that included 
hydrophilic chemicals such as celite, nano clay, fumed silica, and magnesium trisilicate 
presented no enhancement in permeability and very limited improvement in porosity (less 
than 7%); this could because of the pores of the pellets were filled with the hydrophilic 
materials utilized in powder form. On the other hand, hydrophilic supporting materials 
helped to increase the specific heat capacity of the pellets considerably. The MSH/G+C 
(1:1) pellets performed favorably in all the tests apart from thermal conductivity, where 
SBH/G+C (1:1) pellets showed greater enhancement. However, due to the price 
advantage and the stability of the pellets in hydration and dehydration cycles, MSH/G+C 
(1:1) is a strong candidate as a long-term heat storage material. In particular, this mixture 
of ENG and activated carbon gives structural resilience and protection against 
deliquescence that each individual component alone lacks. Celite also found to be an 
effective support material to enhance the geometrical stability over cyclic tests. 
 
Near-complete dehydration of SBH and MSH/G+C (1:1) gave a 943.9 J⋅g-1 and                  
1395 J⋅g-1 heat of fusion respectively. The bulk density of the fully hydrated SBH and 
MSH/G+C (1:1) were around 2.39 g.cm-3 and 2.2 g.cm-3 which corresponds to around 
2.26 GJ⋅m-3  and 3 GJ⋅m-3 of heat energy storage respectively. 
 
SBH was utilized in inline tubular, staggered tubular and the spiral reactors, and 
MSH/G+C (1:1) pellets were utilized in a fixed bed reactor. Isothermal DSC tests 
conducted at 80 ˚C gave 792.7 J⋅g-1 and 717 J⋅g-1 enthalpy change for the SBH and 
MSH/G+C (1:1) pellets respectively. Table 5.2 presents the comparisons between the 
different reactor types tested under a similar temperature, humidity, and airflow velocity. 
The average heat flow rates in Table 5.2 were calculated by dividing the enthalpy of 
change obtained from the isothermal DSC tests by the test durations. Total expected 
volumetric heat output was calculated by multiplying the mass of the chemicals in the 
reactor with the enthalpy change obtained from isothermal DSC tests then dividing it with 
the reactor volume. 
 




Table 5.2. Comparison of hydration, dehydration durations, and volumetric energy 
storage capacity of different reactors tested under the same charging/discharging 









Dehydration at 80 ˚C, 
10% RH (Charging) 



















Inline SBH 6 132.1 18 44 83 
Staggered SBH 5 158.5 14 56.6 94 
Spiral SBH 37 21.4 191 4.2 207 
Pellets MSH/G+C (1:1) 16 44.8 159* 4.5 66 
*  3 m.s-1 airflow velocity was utilized during the hydration tests of MSH/G+C (1:1) pellets. 5 m.s-1 airflow velocity 
was utilized for the rest of the tests. All the tests used the same. 
 
MSH/G+C (1:1) pellets in the fixed bed reactor took 16 hours for charging (dehydration) 
at 80 ˚C and exhibited a 717 J⋅g-1 heat of fusion (similar to MSH pellets prepared with 
different supporting materials), which corresponds to a loss of around five water 
molecules per molecule of magnesium sulfate. Discharging (hydrating) at 5 ˚C lasted in 
159 hours with a 4.5 J⋅g-1⋅h-1 (heat of fusion obtained from the dehydration divided by the 
duration of the hydration) average exothermic heat flow rate. In the reactors utilizing SBH 
as a heat storage media, the spiral reactor showed the lowest average heat flow rate with 
21.4 J⋅g-1⋅h-1 and 4.2 J⋅g-1⋅h-1 during the dehydration and hydration tests respectively. 
Overall, the spiral reactor had the highest total expected volumetric heat output due to its 
design advantages and compactness. 
 
The bulk density of the fully hydrated MSH/G+C (1:1) pellets was around 2.2 g⋅cm-3 
corresponding to around 1.6 GJ⋅m-3 of heat energy storage using 80 ˚C charging 
temperature. It was possible to achieve around 73% of the heat storage capacity of MSH 
(2.2 GJ⋅m-3 [2]) by using MSH/G+C (1:1) pellets (MSH makes up 75% of the total mass) 
as expected. The energy storage capacity of the reactors utilized in this research was found 
to be higher than the reactor systems presented in the literature. Michel et al. [2], utilized 
SBH in an open system and reached around 0.7 GJ⋅m-3 energy storage capacity by using 
a similar charging temperature. However, they used 400 kg of SBH in their open system 




reactor (more than 100 times bigger than our reactors) with limited reaction 
advancements. Hongois et. al. [3] utilized MSH with zeolite and silica and reached about 
45% of the theoretical energy density of MSH in a small scale reactor with 200 g of 
zeolite–MgSO4. This was somewhat in agreement with our results. 
 
Although MSH/G+C (1:1) pellets showed a good cyclic performance and presented more 
than 1 ˚C temperature increase on the outlet of the reactors during the hydration 
(discharging) tests, the pellets started to expand and fill the free space in the reactor, which 
caused an increase in the reaction times. Hydrophilic supportive materials such as celite 
present a good potential for further enhancing the geometrical stability of the pellets. 
However, due to the time limitations, possible THS material candidates such as 
MSH/S+G+CE (3:2:3) could not be utilized in a scaled-up rector level tests. Further 
research on using hydrophilic materials in the composite mixtures could be beneficial for 
commercializing the THSS. 
 
SBH  was first used in the tubular reactors with 60-micron mesh size, however, due to the 
small amount of leakage of the chemicals during the cyclic tests, a smaller 25-micron  
meshed sheets were utilized for building the spiral reactors. In the spiral reactors, SBH 
did not leak outside of the reactor during the dehydration tests, however, the 
deliquescence problem was present within the reactor and around 0.4% of the SBH in the 
reactor was leaked outside the tubes. Although the leakage was very small, this will be a 
problem in a larger-scale commercial application. 
 
Overall, composite matrices show a more promising future in THSS compared to pure 
salt hydrates as several other researchers also found [4, 5]. An economic analysis will 
need to be made for the utilized systems to better understand the economic feasibility of 
the system. This would include the cost of raw materials and plant, running, maintenance 
costs and disposal costs, and projected lifetime. Experimental data presented in this 
research can be used in such an analysis. Preliminary computational fluid dynamics 
analysis was made and presented in Appendix L and from this analysis, we have found a 
similar temperature increase of above 1 ˚C during the charging operation similar to the 
experimental results. 
 




Budget limitations led us to buy a custom-made climatic chamber instead of 
commercially available built-in systems. After a year-long discussion with the 
manufacturer, we managed to purchase the climatic chamber which was the critical 
component for the reactor scale tests. However, from the first day that we received the 
chamber, we had problems with the instrument. This included earthing, power switch, 
water controller, fan, and humidifier amongst others. Fixing the climatic chamber and 
getting it ready for the tests took another six months of constant work. It was only in the 
last year that any results could be obtained,  but after 6 months the sensors in the reactor 
started failing as well due to salt corrosion.  
 
For future research, these problems would need to be fixed. Salt-proof sensors such as 
submersible temperature and humidity sensors would be used with a commercially 
available climatic chamber! The most pressing problem is the long term stability of the 
pellets. The silica-based materials such as celite with zeolite gave some very preliminary 
promising results and this would need to be explored more fully, together with support 
and thermal transport materials such as activated carbon and expanded graphite. 
 
It is also clear that salt contamination of the air flowing through is a major potential 
headache due to corrosion. It may be necessary to investigate the effect of filters using 
activated carbons or HEPA to prevent this, though there is a fine balance between good 
filtration and impediment to airflow. 
 
There is also a discrepancy between the theoretical heat production and the measured 
values. Any future work would need to determine the source of this. This might be done 
for instance by incorporating a measured electrical heat source in the reactor instead of 
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Appendix A: Humidity Sensor Calibration Equations 
 
Table A.1 Humidity sensor serial numbers and calibration equations 
Channel number Serial number Calibration equations 
92 50171502288 x=(y-0.822)/0.029 
93 50171502289 x=(y-0.832)/0.029 
94 50171502290 x=(y-0.838)/0.029 
95 50171502291 x=(y-0.835)/0.029 
96 50171502292 x=(y-0.833)/0.029 
97 50171502293 x=(y-0.821)/0.029 
98 50171502294 x=(y-0.822)/0.029 
99 50171502295 x=(y-0.819)/0.029 
100 50171502296 x=(y-0.818)/0.029 
101 50171502297 x=(y-0.823)/0.030 
103 50171502298 x=(y-0.818)/0.030 
104 50171502299 x=(y-0.815)/0.030 
105 50171502300 x=(y-0.816)/0.030 
106 50171502301 x=(y-0.818)/0.030 
107 50171502302 x=(y-0.815)/0.030 
108 50171502303 x=(y-0.816)/0.030 
110 50171502304 x=(y-0.808)/0.030 
111 50171502305 x=(y-0.809)/0.030 
112 50171502306 x=(y-0.822)/0.029 
113 50171502307 x=(y-0.818)/0.029 
114 50171502308 x=(y-0.820)/0.029 
115 50171502309 x=(y-0.831)/0.030 
117 50171502310 x=(y-0.811)/0.029 
118 50171502311 x=(y-0.818)/0.029 
119 50171502312 x=(y-0.811)/0.029 
 
Table A.1 illustrates the batch numbers, serial numbers and the calibration equations for 







of 72338D08. During the calibration, 5V DC was constantly supplied to the sensors and 
the correlation with the supply and output voltage was 𝑉𝑜𝑢𝑡 = 𝑉𝑠𝑢𝑝𝑝𝑙𝑦(0.16 𝑡𝑜 0.76). 
Individual sensor accuracy was always lower than ±1.75% during the manufacturer tests. 
Tests were conducted in between 0%RH to 100% RH at 25˚C. x denotes relative humidity 








Appendix B: Temperature Sensor Calibration Equations 
 
Table A.2 Factory assigned channel numbers of temperature sensors and the calibration 
equations. 
Channel number Calibration equations The correlation coefficient in 
percentage 
1801 x=(y-0.27315)/0.001 99.999 
1802 x=(y-0.27318)/0.001 100 
1803 x=(y-0.27314)/0.001 99.998 
1807 x=(y-0.27315)/0.001 100 
1809 x=(y-0.27319)/0.001 100 
1810 x=(y-0.2732)/0.001 100 
1821 x=(y-0.27315)/0.001 100 
1823 x=(y-0.27314)/0.001 100 
1824 x=(y-0.27311)/0.001 100 
1825 x=(y-0.27311)/0.001 100 
1826 x=(y-0.275)/0.001 100 
1827 x=(y-0.2751)/0.001 100 
1828 x=(y-0.2742)/0.001 100 
1829 x=(y-0.2729)/0.001 100 
1830 x=(y-0.27341)/0.001 100 
1831 x=(y-0.27327)/0.001 100 
1832 x=(y-0.27416)/0.001 100 
1833 x=(y-0.27322)/0.001 99.999 
1835 x=(y-0.27389)/0.001 100 
1838 x=(y-0.27301)/0.001 100 
1839 x=(y-0.27331)/0.001 100 
1840 x=(y-0.27615)/0.001 100 
 
Table A.2 shows the temperature sensor calibration equations obtained from the factory-
made calibration certificates, temperature sensors were constantly supplied with 5V DC 
throughout the experiments. For convenience, only the sensors with 0.001V slope 







Appendix C: Data acquisition Program and Channel Assignment 
Figure A.1. DT800 channel assignments and the data acquisition program.  
1 Chassis (NC) 2 Analog out. (NC) 
3 S. Power out. (NC) 4 S. Power ret. (NC) 
5   IT-1 (+) 6   (NC) 
7   IT-1 (-) 8   (NC) 
9   IT-3 (+) 10 IT-2 (+) 
11 IT-3 (-) 12 IT-2 (-) 
13 IT-5 (+) 14 IT-4 (+) 
15 IT-5 (-) 16 IT-4 (-) 
17 OT-1 (+) 18 IT-6 (+) 
19 OT-1 (-) 20 IT-6 (-) 
21 OT-3 (+) 22 OT-2 (+) 
23 OT-3 (-) 24 OT-2 (-) 
25 OT-5 (+) 26 OT-4 (+) 
27 OT-5 (-) 28 OT-4 (-) 
29 S. Power out.(NC) 30 S. Power ret. (NC) 
31 (NC) 32 OT-6 (+) 
33 (NC) 34 OT-6 (-) 
35 (NC) 36 (NC) 
37 (NC) 38 (NC) 
39 IH-2 (Vo) 40 IH-1 (Vo) 
41 IH-3 (Vo) 42 1-2-3 Common (-) 
43 IH-5 (Vo) 44 IH-4 (Vo) 
45 IH-6 (Vo) 46 4-5-6 Common (-) 
47 OH-2 (Vo) 48 OH-1 (Vo) 
49 OH-3 (Vo) 50 1-2-3 Common (-) 
51 OH-5 (Vo) 52 OH-4 (Vo) 
53 OH-6 (Vo) 54 4-5-6 Common (-) 
55 Analog com. (NC) 56 Guard (NC) 
57 (NC) 58 (NC) 
59 (NC) 60 (NC) 
61 (NC) 62 (NC) 
63 (NC) 64 (NC) 
65 (NC) 66 (NC) 
67 (NC) 68 (NC) 
69 (NC) 70 (NC) 
71 (NC) 72 (NC) 
73 (NC) 74 (NC) 
75 (NC) 76 (NC) 
77 (NC) 78 (NC) 
79 (NC) 80 (NC) 
81 (NC) 82 (NC) 
83 (NC) 84 (NC) 
IT: Inlet temperature  
OT: Outlet temperature 
IH: Inlet humidity  
OH: Outlet humidity 
NC: No connection 
'JOB=JOB1 
'COMPILED=2018/10/11 20:18:23 






























'Global declarations RS1S 
'main schedule definitions 
'schedule definition 
































Appendix D: Differential Pressure Gauge Calibration Certificate 
 











Appendix E: Climatic Chamber Performance Tests 
 
Table A.3. Climatic chamber performance tests. 
 
Table A.3 shows the climatic chamber’s empty load (without reactor) performance tests, 
the climatic chamber was run for 2 hours for each setting and the measured maximum 
and minimum temperature and humidity values were recorded. The uncertainty was 
±0.1˚C and ±1% RH for temperature and humidity measurements. 
  
Set Values Measured values (empty load) 
Vapor partial pressure at 
set temperature 
 




T (˚C) Rh (%) T (˚C) Rh (%) (mbar) (mbar) T (˚C) 
  
Min. Max Min. Max 
   
5 10 4.9 4.99 11.3 11 0.872 8.7 -24 
5 20 4.98 5 20.5 21 1.74 8.7 -16 
5 30 5.05 5.09 30.3 31 2.62 8.7 -11 
5 70 4.98 5.07 70 71 6.1 8.7 0 
5 90 4.92 5.1 89 90.12 7.85 8.7 4 
15 10 14.98 15.09 9.01 10.5 1.7 17 -17 
15 20 15.03 15.05 19.8 20.9 3.41 17 -8 
15 30 15.02 15.06 30.01 30.55 5.11 17 -3 
15 70 14.95 15.03 70 70.91 11.93 17 9 
15 90 14.9 15.08 90 90.9 15.34 17 13 
25 10 25 25.1 10 10.72 3.17 31.7 -9 
25 20 25.08 25.1 26.9 30 6.33 31.7 0 
25 30 24.95 25.08 20.3 21 9.5 31.7 6 
25 70 25 25.06 70 70.47 22.17 31.7 19 
25 90 25 25.1 90 90.2 28.5 31.7 23 
65 10 65.05 65.1 9.1 10.25 25.02 250.18 22 
65 20 65.03 65.05 19.1 21 50.04 250.18 34 
65 30 65.01 65.03 29.8 30.19 75.05 250.18 41 
65 70 65.01 65.06 69.2 69.71 175.13 250.18 58 
65 90 65.03 65.05 89.6 90 225.16 250.18 63 
80 10 80 80.1 10 10.1 47.37 473.47 31.9 
80 20 80 80.01 19.91 20 94.74 473.47 44.8 
80 30 79.99 80 29.89 30 142.11 473.47 52.9 
80 70 80.01 80.02 69.92 70 331.6 473.47 71.5 
80 90 79.9 79.99 89.4 90.82 426.74 473.47 77.5 
95 10 94.98 95.01 10 10.4 84.61 846.09 42.6 
95 20 94.95 94.99 19.35 20.23 169.22 846.09 56.49 
95 30 94.91 95.1 29.41 30.8 253.83 846.09 65.302 
95 70 94.96 95.08 69.9 70.12 592.26 846.09 85.86 







Appendix F: PVC Balloon Volume Calculations   
 
Inflated size of the balloon is given in Figure A.3 where; 
Lb = 3.5 m, 
d = 1.2 m, 
Lr = 0.3 m, 
L = 4.1 m, 
Ls = 0.2 m, 
 
 
Figure A.3. The inflated volume of the PVC balloon utilized for the air volume flow tests. 
 
Due to hemispherical ends, the volume of the bag was calculated as it is given in Equation 
(A.1).  Where Vi is the inflated volume of the balloon, Vr is the volume of the 
hemispherical ends and the Vb is the volume of the cylindrical body.  
 







From the equation above, Vb was calculated as 3.96 m
3 and the hemispherical volume Vr 
was 0.11 m3 making the total volume Vi = 4.18 m
3. Uncertainty for the calculations was 













Appendix G: Calculation of Air Properties   
 
The relative humidity is the ratio of the partial pressure of water vapor to the saturation 
















RH: Relative humidity (%) 
P: Vapor pressure (kPa) 
Ps: Saturated vapor pressure (kPa) 
 
Saturated vapor pressure can be calculated by using the Tetens’ formula. Tetens’ formula 
uses the reference saturation vapor pressure (0.6113 kPa) at 0 ˚C and two coefficients, 
17.2694 and 35.86 as in the following equation [1], 
 









T: Temperature (K) 
 
The humidity ratio can be defined as a ratio between the mass of water vapor in the humid 
air and the mass of dry air or the ratio between the saturation vapor pressure in the air and 
the partial pressure of dry air as in the equation given below [1], 
 







x: Humidity ratio (kgwater vapor∙kgdry air–1) 








If we combine the (A.2) and (A.4) and substitute the vapor pressure the following 
equation can be obtained, 
 
x = 0.622 ∙
𝑅𝐻 ∙ 𝑃𝑠




And if we combine (A.3) and (A.5), and replace the saturated vapor pressure, the equation 
between the humidity ratio, relative humidity, and the temperature can be obtained, 
 











   
(A.6) 
 
The above equation was used to calculate the humidity ratio at the inlet and exit by using 

























Appendix H: Dehydration Mass Calculations from DSC Tests 
 
A.H.1. Ramp-DSC Calculations for Magnesium Sulphate 
 
MgSO4·7H2O initial mass, MMSH = 93 mg 
MgSO4 mass after complete dehydration, MMS = 45.57mg,  
Mass loss, 7MH = 93 mg - 45.57 mg = 47.43 mg , 51% of the initial mass. 
7MH (%) = 51% mass loss 
MH (%) = 7.3% mass loss 
 
Tp0 = 35.1 ˚C, 0% mass loss  
Tp1 = 58.6 ˚C, 3.1% mass loss 3.1/7.3= 0.4 MH 
Tp2= 177 ˚C, 46.02%-3.1%=42.92% mass loss, 42.92/7.3= 5.9 MH 
Tp3= 260 ˚C, 49.51%-46.02%=3.49% mass loss, 3.49/7.3= 0.5 MH 
ΔH(Tp0-Tp1) = 70.67 j/g  for 0.4 MH 
ΔH(Tp1-Tp2) = 1249 j/g  for 5.9 MH 
ΔH(Tp2-Tp3) = 117.3 j/g for 0.5 MH 
 
A.H.2. Isothermal-DSC Calculations for Magnesium Sulphate 
 
MgSO4·7H2O initial mass, MMSH = 93 mg 
MgSO4 mass after complete dehydration, MMS = 45.57mg,  
 
Mass loss, 7MH = 93 mg - 45.57 mg = 47.43 mg , 51% of the initial mass. 
7MH (%) = 51% mass loss 
MH (%) = 7.3% mass loss 
 
The above values were previously obtained from the RAMP technique.  
 
Tp0 = 33.6 ˚C, 0% mass loss  
Tp1 = 79.7˚C, 32.89% mass loss 32.89/7.3= 4.5 MH 









A.H.3. Ramp-DSC Calculations for Strontium Bromide 
 
SrBr2·6H2O initial mass, MSBH = 93 mg 
SrBr2 mass after complete dehydration, MSB = 28.46 mg,  
 
Mass loss, 6MH = 93 mg – 28.46 mg = 64.54 mg , 30.6% of the initial mass. 
6MH (%) = 30.6% mass loss 
MH (%) = 5.1% mass loss 
 
Tp0 = 46.2 ˚C, 0% mass loss  
Tp1 = 115.6 ˚C, 21.59% mass loss 21.59/5.1= 4.2 MH 
Tp2= 166.3 ˚C, 25.55%-21.59%=3.96% mass loss, 3.96/5.1= 0.8 MH 
Tp3= 217.1 ˚C, 30.44%-25.55%=4.89% mass loss, 4.89/5.1= 0.96 MH 
ΔH(Tp0-Tp1) = 470.7 j/g  for 4.2 MH 
ΔH(Tp1-Tp2) = 286.4 j/g  for 0.8 MH 
ΔH(Tp2-Tp3) = 186.8 j/g for 0.96 MH 
 
A.H.4. Isothermal-DSC Calculations for Strontium Bromide 
 
SrBr2·6H2O initial mass, MSBH = 93 mg 
SrBr2 mass after complete dehydration, MSB = 28.46 mg,  
 
Mass loss, 6MH = 93 mg – 28.46 mg = 64.54 mg , 30.6% of the initial mass. 
6MH (%) = 30.6% mass loss 
MH (%) = 5.1% mass loss 
 
The above values were previously obtained from the RAMP technique.  
 
Tp0 = 16.2 ˚C, 0% mass loss  
Tp1 = 80˚C, 25.4% mass loss 25.4/5.1= 5 MH 









Appendix I: Reactor Chamber Empty-Load Tests 
 
Before the cyclic tests, the reaction chamber was tested empty-loaded and the inlet and 
outlet temperature and humidity differences were recorded at the same test conditions 
used for hydration and dehydration tests. Figure A.4, Figure A.5, Figure A.6, and Figure 
A.7 show the average values recorded by each sensor installed in the inlet and outlet under 
the set inlet temperature and relative humidity.  
 
Inlet 
                      
Outlet 
80.62 ˚C   80.81 ˚C           79.92 ˚C   79.99 ˚C 
10% RH   11% RH           9% RH   10% RH 
                      
80.22 ˚C   80.12 ˚C     Reactor     79.96 ˚C   80.47 ˚C 
10% RH   10% RH           9% RH   10% RH 
                      
80.02 ˚C   79.94 ˚C           80.13 ˚C   80.88 ˚C 
10% RH   9% RH           9% RH   9% RH 
                      
    
Door 
    
Figure A.4. Average inlet and outlet temperature and relative humidity at the inlet and the 
outlet of the reactor when the climatic chamber set conditions were 80 ˚C and 10% RH. 
Inlet 
                      
Outlet 
4.77 ˚C   4.93 ˚C           4.81 ˚C   5.12 ˚C 
79% RH   79% RH           78% RH   79% RH 
                      
5.16 ˚C   4.63 ˚C     Reactor     4.93 ˚C   4.55 ˚C 
79% RH   79% RH           79% RH   80% RH 
                      
4.97 ˚C   5.22 ˚C           5.51 ˚C   4.76 ˚C 
81% RH   80% RH           79% RH   79% RH 
                      
    
Door 
    
Figure A.5. Average inlet and outlet temperature and relative humidity at the inlet and the 









                      
Outlet 
70.16 ˚C   69.85 ˚C           69.82 ˚C   70.07 ˚C 
15% RH   15% RH           15% RH   16% RH 
                      
70.11 ˚C   70.23 ˚C     Reactor     70.09 ˚C   69.39 ˚C 
15% RH   15% RH           15% RH   14% RH 
                      
70.38 ˚C   69.96 ˚C           69.47 ˚C   69.35 ˚C 
15% RH   14% RH           16% RH   15% RH 
                      
    
Door 
    
Figure A.6. Average inlet and outlet temperature and relative humidity at the inlet and the 
outlet of the reactor when the climatic chamber set conditions were 70 ˚C and 15% RH. 
 
Inlet 
                      
Outlet 
10.11 ˚C   10.06 ˚C           9.63 ˚C   9.65 ˚C 
75% RH   75% RH           75% RH   75% RH 
                      
9.83 ˚C   9.93 ˚C     Reactor     9.76 ˚C   9.82 ˚C 
76% RH   75% RH           75% RH   76% RH 
                      
9.95 ˚C   10.02 ˚C           10.02 ˚C   9.94 ˚C 
76% RH   76% RH           76% RH   75% RH 
                      
    
Door 
    
Figure A.7. Average inlet and outlet temperature and relative humidity at the inlet and the 
outlet of the reactor when the climatic chamber set conditions were 10 ˚C and 75% RH. 
 
The above figures show very similar temperature and relative humidity measurements in 
the inlet and outlet of the empty-load reactor where the average difference was always 
less than 0.5 ˚C and 0.6% RH. When the climatic chamber setting was 80 ˚C and 10% 
RH (Figure A.4), average inlet and outlet temperature, and inlet and outlet relative 







chamber was set to 5 ˚C and 80% RH (Figure A.5), the same average inlet and outlet 
temperature was recorded, the average relative humidity was 80% RH and 79% RH in the 
inlet and in the outlet respectively.  
 
Another setpoint (Figure A.6) for the dehydration reaction was 70 ˚C and 15% RH and 
under these conditions, the inlet and outlet temperature were recorded as 70.12 ˚C and 
69.70 ˚C respectively, and the inlet and the outlet relative humidity were recorded as 15% 
RH. Lastly, when the climatic chamber was set to 10 ˚C and 75% RH (Figure A.7), inlet 
and outlet temperatures were 9.98 ˚C and 9.8 ˚C respectively, the inlet humidity was 76 
% RH and the outlet humidity was 75% RH.  
 
The individual calibration accuracy of the sensors was ±0.2 ˚C and ±2% RH, and the 
observed differences during the loadless runs were not much different than the individual 
accuracies. Therefore, these small differences in temperature and RH indicate that the 
reaction chamber was well insulated. Differences in the absolute humidity were also 
























Appendix J: Cyclic Temperature and Humidity Ratio Comparisons for 
Inline and Staggered Tubular Reactors 
 
The charts below show the inline and staggered tubular reactors’ overlaid temperature 
difference and mixing ratio difference charts for the 1st and 3rd cycles (Figure A.8 and 
Figure A.10) and 2nd and 4th cycles (Figure A.9 and Figure A.11). Recorded data after 
reaching the zero ΔT and zero ΔX is omitted to provide linear fitting which is used to 
estimate the temperature and humidity ratio increasing/degreasing rate changes during 




Figure A.8 Inline tubular reactor 1st and 3rd cyclic test results. The temperature difference 
is given on top and the mixing ratio difference is given on the bottom. Linear fitting is 









Figure A.9. Inline tubular reactor 2nd and 4th cyclic test results. The temperature difference 
is given on top and the mixing ratio difference is given on the bottom. Linear fitting is 









Figure A.10. Staggered tubular reactor 1st and 3rd cyclic test results. The temperature 
difference is given on top and the mixing ratio difference is given on the bottom. Linear 









Figure A.11. Staggered tubular reactor 2nd and 4th cyclic test results. The temperature 
difference is given on top and the mixing ratio difference is given on the bottom. Linear 


















Appendix K: Total Reactor Heat Flow Calculations 
 
The heat flow rate in our heating system is calculated from the equation given below [2], 
 
h = q ∙ 𝐶𝑝𝑎𝑖𝑟 ∙  ρ ∙ ΔT (A.7) 
 
Where;  
h: Heat flow rate (kw) 
q: Volumatirc flow rate (m3∙ s-1) 
Cp: Specific heat of air (kJ ∙ kg-1 ∙ ˚C-1) 
ρ: Density (kg-1 ∙ m-3) 
ΔT: Temperature difference (˚C) 
 
Differential temperatures obtained from the h/d tests were utilized and by using the 
volumetric flow rates,  specific heat and density of air below given heat flow charts were 
plotted. Then by integrating the best-fitted curves in the charts, we calculated the total 
heat output of the reactor. 
 
 
















































Figure A.16. Fixed bed reactor, filled with MSH/G+C (1+1) pellets, heat flow rate at 5 








Figure A.17. Fixed bed reactor, filled with MSH/G+C (1+1) pellets, heat flow rate at 10 
˚C, 70% RH, 5 m∙s-1 airflow velocity. 
 
 







































Appendix L: Computational fluid dynamics (CFD) Analysis of The Reactors 
 
Ansys Discovery Aim commercial software package was utilized for computational fluid 
dynamics (CFD) analysis of the experimentally tested reactors, as an early study. Ansys’ 
multi-function fluid-solid heat transfer module was utilized and the following 
considerations were made, 
 
 Three-dimensional flow system and geometry are designed. 
 A steady-state process was used, the inlet pressure was set to the 101 kPa. 
 Heat capacity, porosity, and permeability of the chemicals were considered 
constant. 
 The airflow velocity was considered constant and equal throughout the inlet 
surface. 
 There is no heat loss from the chemicals to the surrounding of the reaction 
chamber. 
 No mass exchange was considered between the chemicals and the working fluid. 
 No temperature boundary was set, thermochemical materials were able to begin 
the hydration and the dehydration reactions at any temperature.  
 
SBH and the pellets were considered as a heat source in the reactor during the hydration 
and dehydration tests. Experimentally measured enthalpy of fusion was used either as an 
endothermic or an exothermic heat source. The equation given below was used by the 




+ ∇ ∙ (𝑢𝑣⃗⃗⃗⃗  𝜌ℎ) = ∇ ∙ (𝑘∇T) ± 𝑆ℎ 
(A.8) 
 
Where ρ is the solid density, h is the sensible enthalpy, k is the thermal conductivity, 𝑢𝑣⃗⃗⃗⃗  
(m·s-1) is the physical velocity of the working fluid, T is the temperature and Sh is the 
volumetric heat source. Convective energy transfer due to rotational or translational 
motion of the solids is given on the left-hand side. The heat flux due to conduction and 








The modified standard energy transport equation (A.8) with the heat flux and the transient 




(𝜀𝑐ℎ𝜌𝑓𝐸𝑓 + (1 − 𝜀𝑐ℎ)𝜌𝑐ℎ𝐸𝑐ℎ) + ∇ ∙ (𝑢𝑣⃗⃗⃗⃗ (𝜌𝑓𝐸𝑓 + 𝑝)) = ∇ ∙ 𝑘𝑒𝑓𝑓∇T ± 𝑆ℎ 
(A.9) 
 
Where Ef is the total energy of the working fluid, Ech is the total energy of the 
thermochemical materials, εch is the porosity of the pellets, 𝑝 is the pressure, keff is the 
effective thermal conductivity of the thermochemical materials. 
 
Effective thermal conductivity can be described as in equation (A.10) [3], 
 
𝑘𝑒𝑓𝑓 = 𝜀𝑐ℎ 𝑘𝑓 + (1 − 𝜀𝑐ℎ )𝑘𝑐ℎ (A.10) 
 
Where 𝑘𝑓 and 𝑘𝑐ℎ are the fluid thermal conductivity and the thermal conductivity of the 
thermochemical chemical materials respectively. Figure A.20 and Figure A.22 present 
the outlet temperature of the fixed bed reactor with pellets during dehydration tests. 
Figure A.21 and Figure A.23 present the outlet temperature of the tubular reactor during 
the hydration tests. 
 
 
Figure A.20. The outlet of the fixed bed reactor with pellets during the dehydration 









Figure A.21. The outlet of the fixed bed reactor with pellets during the hydration operation 
(inlet conditions were 5 ˚C airflow temperature and 5 m.s-1 airflow velocity). 
 
 
Figure A.22. The outlet of the inline reactor stack during the dehydration operation (inlet 
conditions were 80 ˚C airflow temperature and 5 m.s-1 airflow velocity). 
 
 
Figure A.23. The outlet of the inline reactor stack during the hydration operation (inlet 
conditions were 5 ˚C airflow temperature and 5 m.s-1 airflow velocity). 
 







and outlet of the fixed bed reactor with pellets during the dehydration and hydration 
simulations respectively. This temperature difference was in agreement with the 
experimental results. Due to the high number of interface regions between the tubes and 
the flow region, a single inline stack was included in the simulation instead of four stacks 
as in the experimental tests. Similar to the experimental results, Figure A.22 and Figure 
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